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N.   D.   Hamilton,    Fellow    in   Chemistry 

(In  Connection  With  the  Illinois  Sta.te  Geological  Survey) 

The  weathering  of  coal  is  a  subject  of  perennial  interest. 
Moreover,  its  importance  is  not  likely  to  grow  less  in  view  of  the 
trend  of  modern  industrial  conditions.  Almost  every  circumstance 
attending  the  production  and  use  of  coal  calls  for  greater  flexibility 
in  the  current  supply.  The  seasonal  changes  in  temperature,  the 
fluctuating  demands  for  freightage,  the  periodical  disturbances 
in  the  labor  supply,  all  argue  for  the  possibility  of  carrying  at 
certain  periods  a  reserve  of  fuel  to  guard  against  suffering  or  com- 
plete paralysis  of  industry. 

It  is  not  surprising,  therefore,  to  learn  of  the  increasing 
number  of  storage  plants  where  coal  may  be  placed  in  large 
quantities  to  supply  the  needs  of  great  industries  which  would 
suffer,  if  from  any  cause  or  combination  of  circumstances  a  coal 
famine  should  ensue.  An  example  of  this  is  the  plant  of  the  Phila- 
delphia and  Reading  Coal  andiron  Company  at  Abrams,  Pennsyl- 
vania. At  this  plant  arrangements  are  made  for  eight  piles  of 
coal  each  containing  60  000  tons  piled  on  the  ground  in  the  open 
and  equipped  with  modern  facilities  for  dumping  and  reloading. 
The  storage  plant  also  of  the  New  York  Edison  Company  at 
Shadyside,  New  Jersey,  where  150  000  tons  of  coal  are  stored  in 
three  piles  on  a  bed  of  cinders  in  the  open,  and  that  of  the  Lehigh 
Railroad  at  Wyoming,  New  York,  with  a  capacity  of  100  000  tons, 
are  but  a  few  of  the  instances  where  our  industries  are  resorting 
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to  outdoor  storage  for  reserve  coal  supplies.  This  method  of 
storing  is  not  only  the  practice  where  large  quantities  of  coal  are 
to  be  taken  care  of,  but  there  are  very  few  power  and  heating 
plants  and  fuel-using  industries  that  do  not  find  it  necessary  to 
pile  more  or  less  coal  on  the  ground  at  least  temporarily  until 
room  can  be  made  for  it  in  the  coal  shed  or  boiler  house.  The 
practice  in  vogue  in  the  coal  fields,  among  coal  dealers  and  all 
consumers  of  comparatively  small  quantities  varies  greatly.  In 
general,  however,  it  may  be  said  that  the  coal  is  either  stored  in 
covered  iron  or  wooden  bins  with  slanting  bottoms  to  facilitate  its 
removal,  or  in  ordinary  covered  bins  with  earth,  cinder  or  wooden 
floors  from  which  it  is  removed  with  the  scoop.  In  power  and  heat- 
ing plants  the  placing  of  the  coal  bins  depends  upon  the  position 
of  the  boilers  and  the  method  used  for  firing  and  transportation 
of  the  fuel  to  the  building.  The  United  States  Navy,  which  uses 
about  250  000  tons  of  coal  yearly,  has  been  equipped  with  large 
storing  facilities,  each  compartment  in  the  station  at  the  New 
York  Navy  Yards  having  a  capacity  of  525  gross  tons,  with  floors 
of  portland  cement,  roof  of  iron  and  side  walls  of  portland 
cement,  sand  and  anthracite  cinders.  On  board  vessels  coal  is 
stored  in  whatever  room  happens  to  be  available. 

Aside  from  these  prevalent  methods  of  caring  for  coal  reserves, 
the  practice  of  storing  coal  under  water  is  coming  into  prom- 
inence, but  the  working  out  of  this  plan  can  not  be  said  to  have 
gone  further  than  the  experimental  stage.  The  English  Ad- 
miralty has  been  experimenting  with  submerged  coal  and  the 
Western  Electric  Company  of  Chicago  has  recently  built  two  bins 
of  4000  and  10  000  tons  respectively  below  the  ground  level.  The 
plan  is  to  dump  the  coal  into  the  bins  directly  from  the  car  and 
flood  it  with  water  until  needed  for  use,  when  a  crane  fitted  with 
grab  buckets  will  lift  it  to  the  car  again. 

As  one  reviews  the  literature  of  the  subject,  it  is  strikingly 
evident  that  well  authenticated  facts  and  data  are  very  meagre, 
with  much  disagreement  among  those  who  have  presumed  to 
possess  knowledge  in  the  matter.  There  is  a  general  belief  that 
coal  does  deteriorate,  but  under  what  conditions,  to  what  extent, 
and  according  to  what  principles,  are  certainly  open  questions  at 
the  present  time.  The  following  resume  of  the  statements  by 
various  writers  will  be  of  advantage  in  gaining  a  present  know- 
ledge of  the  situation.    There  are  included  also,  references  which 
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deal  with  the  spontaneous  ignition  of  coal,  on  account  of  the  close 
relationship  of  that  topic  to  the  one  in  hand. 

Historical  Review 

After  careful  experiments,  Dr.  Richter  in  18681  concluded 
that  the  weathering  of  coal  is  due  to  the  absorption  of 
oxygen,  a  part  of  which  goes  to  the  oxidation  of  carbon  and  hy- 
drogen in  the  coal,  and  part  is  taken  into  the  composition  of  the 
coal  itself;  that  if  the  heap  becomes  warm,  either  through  this 
process  or  through  any  other  cause,  the  action  is  accelerated,  but 
then  falls  off  and  becomes  so  slow  that  the  changes  effected  with- 
in a  year  are  difficult  to  estimate;  that  moisture  as  such  has  no 
direct  influence  upon  the  process,  apart  from  the  presence  of 
pyrites  or  from  the  coal  crumbling  down  more  rapidly 
when  wet  than  when  dry,  and  therefore,  more  rapidly  heating  up. 
At  a  later  date,  he  concluded  that  large  coal  was  less  affected 
than  small,  not  because  it  had  less  surface,  but  because  small 
coal  was  a  more  active  absorbent  of  oxygen,  and  therefore,  be- 
came more  rapidly  heated;  that  airways  in  heaps  would  have  to 
be  very  numerous  in  order  to  prevent  any  rise  in  temperature. 

Haedicke  in  18802 ,  while  assigning  to  pyrites  the  leading  part 
in  spontaneous  combustion,  agrees  that  this  hypothesis  does  not 
hold  good  unless  the  temperature  is  allowed  to  rise  sufficiently. 

Professor  Fischer  of  Gottingen  as  a  result  of  research  work 
prior  to  19013  concludes  that  storage  depreciation  and  spontane- 
ous ignition  are  phenomena  of  oxidation;  the  part  which 
is  played  by  iron  sulphide  has  been  disputed,  but  the 
variances  that  have  given  rise  to  the  uncertainty  are  due  to  the 
differences  between  the  different  sulphides  of  iron  present  in  coal. 
Marcasite  for  example,  he  says,  is  much  more  weatherable  than 
ordinary  pyrites.  Actual  wetting  is  much  more  promotive  of 
oxidation  of  the  iron  sulphide  than  heating  in  dry  or  even  moist 
air.  He  also  finds  that  many  coals  contain  sulphur  in  the 
form  of  unsaturated  organic  compounds.  He  finds  that  those 
coals  which  rapidly  absorb  bromine  are  those  which  are  most 
liable  to  rapid  oxidation  and  spontaneous  ignition,  and  as  a  prac- 
tical test  he  recommends  shaking  a  gram  of  the  finely  ground  coal 
with  20  cc.  of  a  half  normal  solution  of  bromine  for  five  minutes. 


'Proc.  Ger.  Gas  Association,  1900. 
2The  Gas  World,  April  13.  1901. 
3The  Gas  World,  April  13,  1901. 
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Then,  if  the  smell  of  bromine  has  not  disappeared,  the  coal  may 
safely  be  put  in  store;  if  the  odor  has  gone,  the  coal  should  be 
used  up  as  soon  as  possible.  If  the  oxygen  is  absorbed  by  the 
unsaturated  organic  compounds,  the  coal  gains  weight,  but  if  ab- 
sorbed by  the  carbon  and  hydrogen,  this  absorption  causes  a  loss 
in  weight  due  to  the  carbon-dioxide  and  water  given  off.  "Whether 
a  coal  gains  weight  is,  therefore,  dependent  upon  the  composi- 
tion of  the  coal.  Covering  wet  slack  coal  with  other  coal  is  apt 
to  produce  spontaneous  ignition;  the  danger  here  appears  to  arise 
from  the  sulphide  of  iron  rather  than  from  the  organic  compounds. 
Professor  Fischer  regards  ventilation  of  the  coal  heap  with  suspi- 
cion, not  because  the  idea  is  in  itself  wrong,  but  because  it  is 
not  practicable  to  ventilate  the  whole  heap  sufficiently.  He 
says  the  coal  should  be  stored  dry  and  kept  dry  under  cover  and 
in  layers  not  too  deep. 

Durand,  18631  ,  explains  the  spontaneous  ignition  of  coal  in 
the  pit  by  the  presence  of  pyrites,  which,  becoming  heated,  gives 
rise  to  combustion.  Payol  maintains  that  the  main  cause  of 
spontaneous  ignition  is  the  absorption  of  oxygen  accelerated  by 
fine  division  and  heat. 

Jackson,  19052  ,  says  it  is  well  known  that  coal  on  exposure 
to  the  weather  does  lose  some  of  its  volatile  constituents  even 
under  ordinary  conditions. 

In  a  paper  read  before  the  German  Gas  Association  in  1900 3, 
Herr  Sohren  said  that  it  is  no  longer  possible  for  many  reasons 
to  operate  gas  works  with  a  supply  of  coal  renewed  from  month  to 
month;  and  that  all  questions  affecting  storage  have  therefore  a  con- 
tinuously increasing  importance.  Undoubtedly  there  is  a  greater 
or  less  depreciation  in  quality  of  coal  kept  in  store;  and  the 
causes  of  this  have  attracted  a  great  deal  of  attention,  though, 
on  the  whole,  it  is  surprising  to  find  to  how  great  an  extent  the 
study  of  the  chemistry  of  coal  has  been  neglected.  Questions  of 
this  nature  first  assumed  importance  in  connection  with  the  spon- 
taneous ignition  of  coal  in  ships;  in  1874  he  declares  that  out  of  a 
list  of  4485  coal  laden  ships,  no  fewer  than  60  went  on  fire. 

Lieutenant  Commander  J.  R.  Edwards  of  the  United  States 

Navy,  1901 4 ,  said  that  experience  has  taught  the  dealers  at  Trinity 

'Journal  American  Chemical  society.  Deo..  1900  and  .inly.  ipoi. 
■Engineering  and  Mining  Journal,  July  u,  1906. 
Gas  World.  April  IS,  1901. 
'American  Society  ol  Naval  Engineers,  Feb.,  1901. 
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Building,  New  York,  that  every  time  coal  is  handled  there  is  a 
depreciation  of  five  per  cent  in  value  due  to  the  loss  in  weight  by 
the  breaking  up  of  the  coal  and  the  volatilization  of  the  hydrocar- 
bons. It  is  a  fact  that  the  best  coal  does  not  disintegrate  and 
powder  so  quickly  as  the  poorer  quality.  According  to  his  theory, 
the  hydrocarbons  make  it  less  friable. 

Groves  and  Thorp1  state  that  gases  occluded  in  the  crevices 
or  cavities  of  coal  escape  during  mining  and  continue  to  do  so 
after  storing,  and  that  disastrous  explosions  on  vessels  carrying 
coal  cargoes  have  resulted.  An  analysis  of  these  exuded  gases 
reveals  their  inflammable  nature  and  suggests  the  probable  action 
of  the  air  on  coal  which  is  exposed  to  it  for  any  length  of  time. 
This  latter  action  is  termed  "weathering,"  and  consists  mainly  in 
the  combination  of  the  carbon  and  hydrogen  of  the  coal  with  the 
oxygen  of  the  air,  carbonic  acid  and  water  resulting.  Pyrites,  if 
present,  is  also  oxidized  and  when  present  in  large  quantities 
causes  the  coal  to  disintegrate  and  oftentimes  to  be  nearly  use- 
less. Calorific  value  is  diminished  by  this  exposure  to  the  air 
and  in  some  cases  there  is  claimed  to  be  50  per  cent  loss.  Oxi- 
dation may  proceed  so  far  that  elevation  in  temperature  occurs 
and  spontaneous  combustion  results.  Oxidation  of  pyrites,  es- 
pecially in  the  presence  of  moisture,  greatly  adds  to  the  danger. 
To  avoid  the  small  coal,  the  packing  of  coal  in  lumps  in  vessels 
is  proposed,  but  the  movement  of  the  ship  would  break  up  the 
coal  and  only  delay  the  action.  Sealing  up  the  coal  hermetically 
has  also  been  suggested,  but  this  would  be  impossible. 

T.  Rowan  suggests  the  heating  of  coal  to  drive  off  the 
moisture  before  storing  on  board.  The  plan  is  a  poor  one  on 
account  of  the  cost  and  the  oxidation  which  the  heating  would 
promote. 

A.  D.  Parker,  General  Auditor,  Colorado  Southern  Railroad, 
19022 ,  states  that  the  loss  in  transporting  coal  has  never  been 
definitely  determined.  It  consists  of  shrinkage,  droppings,  steal- 
ing, etc.  Evaporation  or  shrinkage  is  inevitable.  It  is  greater 
with  softer  coals  and  diminishes  with  density.  Where  coal  is 
placed  in  storage,  shrinkage  becomes  a  very  large  item. 

Mr.  Stelkins,  in  his  report  before  the  International  Navi- 
gation  Congress,    19023  ,  states  that  the  tendency  towards  spon- 

'Chemical  Technology  Vol.  1,  page  82-83. 
2Railway  Engineering  News,  May  3,  1902. 
J  American  Society  of  Naval  Engineers.  Feb..  1901. 
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taneous  ignition  increases  with  the  height  to  which  coals  are 
heaped.  Stacks  should  not  be  made  higher  than  five  meters. 
Warm  rains  during  and  after  stacking  and  strong  compression 
by  dumping  coals  from  a  great  height  all  add  to  the  danger  of  ig- 
nition. According  to  past  experiences,  gas  naming  pit  mouth 
coals  ignite  most  readily,  fat  pit  mouth  slack,  lean  slack  and  nut 
less  readily,  and  lump  coals  only  very  seldom.  When  the  amount 
of  slack  increases,  and  the  amount  of  stony  material  increases, 
the  height  to  which  it  is  safe  to  store  coal  decreases.  Mr.  Zorner 
in  this  same  convention  claimed  that  lightering  coal  renders  it 
more  liable  to  physical  and  chemical  attacks  and  more  difficult  to 
use  as  fuel.  Rischowske  ascertained  a  loss  of  three  per  cent  in 
calorific  power  of  fresh  slack  coal  after  a  storage  of  four  months. 

Engineering  News,  July  21,  1904,  notes  that  in  the  New  York 
Navy  Yard  space  is  not  an  item,  but  spontaneous  combustion  is 
an  important  one,  hence  the  coal  depth  is  limited  to  18  to  25  feet, 
and  the  walls  surrounding  the  bins  are  fire- proof.  In  each  bin 
which  contains  525  tons  of  coal  are  placed  two  four- inch  pipes, 
each  containing  thermostats  electrically  connected  to  an  annun- 
ciator. These  thermostats  containing  tubes  are  arranged  so  as 
to  be  moved  completely  through  the  coal.  A  method  of  removing 
coal  from  the  bottom  of  the  bins  is  provided,  and  this  may  be 
done  and  the  portion  removed  and  redistributed  over  the  top  to 
prevent  fire. 

F.  M.  Griswold,  of  the  Home  Insurance  Company,  19041  ,  says 
that  spontaneous  ignition  is  more  marked  in  free  burning  or  so- 
called  "high  steaming  coals"  including  "gas  coal."  These  coals 
usually  contain  a  large  per  cent  of  volatile  constituents  with  a 
modicum  of  oxygen,  and  the  tendency  to  ignition  is  greater  when 
lignite  or  sulphur  in  any  form,  and  especially  when  iron  pyrites 
is  present.  Dirty  or  mine-run  coals,  wherein  fine  particles  sift 
to  the  bottom  and  are  compressed  are  dangerous.  He  claims 
that  no  satisfactory  explanation  of  spontaneous  ignition  of  bitu- 
minous coal  has  been  made.  The  best  authorities  say  it  is  due 
to  chemical  changes  in  the  substance  of  the  coal  resulting  from 
the  absorptive  powers  of  carbon  increasing  with  the  rise  of 
temperature.  Rise  in  temperature  may  be  due  to  the  chemical 
action  in  the  form  of  the  slow  oxidation  or  to  mechanical  force  or 
pressure  and  these  conditions  may  be  stimulated  by  pyrite  or 

'Engineering  News  27,  1902.  July  21.  1904.  Aug.  18.  1904  and  Nov.  10.  1904. 
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moisture.  Some  claim  that  over  2i  per  cent  of  sulphur  in  the 
form  of  pyrites  is  dangerous.  Various  tests  have  been  proposed 
to  determine  the  liability  of  a  coal  to  heat,  such  as  determining 
the  gain  in  weight  of  a  sample  at  250°  Fahr.  and  also  by  noting 
the  absorption  of  bromine,  but  these  are  not  valuable  as  it  is 
difficult  to  tell  how  much  oxygen  the  coal  has  already  absorbed. 
He  recommends  that  no  wood  be  used  in  the  construction  of  bins, 
that  all  iron  work  be  covered  with  concrete,  that  there  should  be 
no  steam  pipes  or  flues  in  bins,  the  coal  should  not  be  above  a 
depth  of  twelve  feet,  bins  should  be  roofed,  permanent  pipes 
should  be  provided,  if  possible,  containing  thermostats  through 
the  bin,  and  when  140  Fahr.  is  reached  something  should  be 
done  to  stop  rise  in  temperature. 

Professor  Vivian  B.  Lewis,  Royal  Naval  College,  1906 l , 
is  authority  for  saying  that  increase  of  mass  leads  to  spontaneous 
combustion.  Substances,  especially  those  of  vegetable  origin, 
undergo  slow  oxidation  at  temperatures  below  ignition  point.  A 
certain  increment  of  temperature  is  generally  needed  to  start 
slow  combustion,  but  when  once  the  required  rise  takes  place,  the 
operation  commences  and  the  ignition  point  is  reached.  Initial 
increase  may  be  brought  about  in  several  ways:  first,  by  phys- 
ical action  as  in  the  absorption  of  a  large  volume  of  gas  and  its 
compression  within  the  pores  of  the  substance;  second,  by  a  rise 
in  atmospheric  temperature;  third,  by  a  direct  chemical  reaction 
taking  place  at  ordinary  temperature  and  by  the  action  of  fer- 
ments on  moist  organic  matter.  To  the  first  class  belongs  the 
spontaneous  ignition  of  a  mass  of  powdered  charcoal  or  lamp 
black.  Coal  may  be  considered  as  consisting  of  carbon,  hydro- 
carbons and  inorganic  constituents.  Among  the  latter  is  iron 
pyrites.  If  piled  in  heaps  and  exposed  to  air  and  moisture,  it 
rapidly  heats  and  often  inflames,  owing  to  the  oxidizing  action  of 
the  air  and  moisture  upon  the  sulphur;  many  think  this  is  the 
cause  of  spontaneous  ignition.  Careful  study  of  phenomena  oc- 
curring during  the  heating  of  coal  leads  to  the  conviction  that 
pyrites  plays  but  a  subsidiary  part,  and  that  it  is  really  the  ab- 
sorption of  oxygen  by  the  freshly  won  coal  and  the  activity  of 
the  condensed  gas  in  contact  with  the  hydrocarbons  of  the  coal 
that  are  the  active  factors  in  causing  ignition.  In  the  coal  seam, 
coal  pores  are  filled  with  methane  or  methane  and  carbon  dioxide. 


Engineering  and  Mining  Journal  July  14,  1906, 
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When  coal  is  brought  to  the  surface,  it  exudes  these  gases  and 
absorbs  oxygen  from  the  air.  As  long  as  the  pieces  are  fairly 
large,  no  heat  is  perceptible,  but  as  coal  becomes  broken  up,  the 
surface  increases  and  the  absorption  of  oxygen  is  increased. 
Mere  absorption  of  oxygen  is  insufficient  to  bring  about  serious 
consequences  unless  there  is  an  initial  rise  in  temperature.  Hence, 
spontaneous  ignition  is  found  to  occur  when  cargoes  go  through 
the  tropics  and  when  coal  is  stored  close  to  boilers,  steam  pipes, 
fire  boxes,  etc.  Water  aids  the  action  of  the  occluded  oxygen, 
and  hence  rain,  when  coal  is  being  loaded,  causes  danger.  Ven- 
tilation of  coal  on  land  may  aid  in  preventing  ignition,  but  this  is 
hard  to  obtain  on  shipboard.  Steam  and  water  have  failed  to 
quench  fires  successfully.  Sulphur  dioxide  and  carbon  dioxide 
will  extinguish  the  fires,  but  not  cool  the  coal  and  prevent  another 
fire.  He  suggests  that  liquid  carbon  dioxide  be  placed  in  vessels 
whose  nozzles  are  made  of  an  alloy  of  lead,  tin,  bismuth  and  cad- 
mium melting  at  93°  C.  and  that  these  vessels  be  placed  in  the 
coal  bins.  When  the  melting  point  of  the  alloy  is  reached,  the 
carbon  dioxide  will  quench  the  fire,  cool  the  coal,  be  absorbed  by 
the  coal  and  prevent  any  further  occlusion  of  oxygen. 

A.  E.  Dixon,  1906 l ,  says  that  bituminous  and  semi-bituminous 
coals  are  losing  constantly  in  heating  value.  Gas  is  being  liber- 
ated, and  the  loss  is  greater  in  a  warm  climate  and  in  warm  weather. 
Bituminous  coals  undergo  a  slacking  process,  the  lumps  shrink 
and  the  percentage  of  dust  increases.  In  winter  the  contained 
moisture  freezes  and  breaks  up  lump  coal.  Spontaneous  ignition 
occurs  with  bituminous,  friable  coal,  and  particularly  with  those 
grades  containing  brasses  or  iron  pyrites,  and  when  the  coal  is 
damp,  the  trouble  is  augmented.  The  cause  is  probably  due  to 
the  absorption  of  oxygen  by  carbonaceous  material,  just  as  is  the 
case  with  oily  cotton  waste. 

H.  R.  King,  1905 2,  claims  that  the  carefully  executed  tests 
in  Europe  show  that  30  per  cent  of  the  fuel  value  of  coal  is  lost 
in  six  weeks  when  coal  is  stored  out  of  doors. 

The  Naval  and  Military  Record  of  England3  gives  an  instance 
of  where  the  British  ship,  Spartiate,  required  3000  tons  of  coal 
stored  in  England  in  running  to  China  and  4400  tons  of  practical- 


'  Kntrineering  Magazine,  Sept..  1906. 
Mournal  Western  Society  of  Eng.,  Aug,  1906- 
3Ent?ineer.  July  24.  1903. 
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ly  the  same  grade  of  coal  that  had  been  stored  in  China  for  the 
return  trip. 

Lord  Charles  Beresford,  19031,  stated  that  in  his  experience 
a  vessel  would  have  to  consume  more  than  twice  the  normal 
amount  of  coal  per  indicated  horse-power,  if  the  coal  had  been 
kept  too  long  in  store. 

Churchyard,  locomotive  engineer  of  the  Great  Western  Rail- 
way, England,  19021,  stated  that  judging  from  his  personal  ex- 
perience and  observation,  the  loss  of  stacked  coal  in  steam  raising 
power  is  about  10  per  cent. 

Mines  and  Minerals,  19012,  says  that  for  many  years  there 
has  been  in  vogue  in  New  South  Wales  a  custom  of  taking  certain 
percentages  from  the  gross  weight  of  coal  cargoes,  giving  bills 
for  the  net  quantity  only.  The  idea  was  to  allow  for  the  wastage 
which  it  was  thought  took  place  in  various  ways  between  the 
time  of  weighing  at  port  and  delivery.  The  practice  has  been  to 
deduct  two  per  cent  from  the  gross  weight  of  foreign  exportations 
and  one  per  cent  from  that  intended  for  intercolonial  markets.  On 
account  of  the  dissatisfaction  with  this  method,  on  January  1,  1901, 
the  deduction  on  foreign  cargoes  was  reduced  to  one  per  cent  and 
no  allowance  is  now  made  on  intercolonial  cargoes. 

The  Journal  of  the  Society  of  Chemical  Industry,  18943,  says 
that  various  kinds  of  coal  were  exposed  freely  to  the  air,  immersed 
for  twelve  months  in  water  both  running  and  stagnant  and 
changes  produced  in  their  composition  and  heat  of  combustion 
determined.  The  three  kinds  of  coal  used  were,  (1)  from  Frank- 
enholz  mine,  Bavaria;  (2)  from  Drocourt;  (3)  from  Arsean,  Prele. 
These  coals  were  broken  and  passed  through  10  mm.  mesh,  but 
not  3  mm.  mesh.  Measurements  show  that  exposure  to  the  air 
or  immersion  in  water  for  the  time  indicated  produces  changes 
in  the  composition  and  heat  of  combustion  which  are  so  small  as 
to  be  neglected  for  practical  purposes. 

John  Macaulay,  General  Manager  of  the  Alexandra  Docks 
and  Railway,  Newport,  Monmouthshire,  19031,  estimates  that  in 
case  of  coal  stacked  by  the  Mersey  Railway  the  loss  was  between 
10  and  12  per  cent  and,  if  kept  over  a  year,  the  greatest  loss  is  in 
the  first  twelve  months.    In  hot  climates  the  loss  is  greater.    Mr. 


Practical  Engineer,  Oct.  2,  1903. 
2Mines  and  Minerals,  1901,  p.  6. 
3Jour.  Soc.  Chem.  Ind.,  1894,  p.  1182. 
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Macaulay  says  that  the  mud  men  along  the  Usk  River  gath- 
ered parts  of  submerged  cargoes  and  found  that  the  coal 
gave  a  hotter  fire  than  did  fresh  coal.  In  North  Pembroke- 
shire, they  refloated  a  vessel  which  had  been  sunken  for 
two  years  and  found  that  the  coal  was  the  best  they  had  ever 
used.  Mr.  Macaulay's  own  experiments  include  the  placing  of  a 
sample  of  the  best  Monmouthshire  coal  under  sea  water  for  two 
months  and  comparing  the  calorific  value  before  and  after  immer- 
sion. He  found  the  loss  in  heating  value  was  less  than  one  per 
cent.  In  his  further  experiments  he  made  a  practical  test  of 
fresh  coal  and  coals  known  to  have  been  submerged  various 
lengthy  periods  of  time,  by  using  them  in  a  locomotive  hauling  a 
known  load  a  certain  distance  under  similar  conditions.  His  first 
sample  was  the  best  Monmouthshire  coal  procurable,  the  second 
sample  had  been  under  water  three  years,  the  third  had  been  sub- 
merged ten  years,  the  fourth  had  been  recovered  by  mud  men  out- 
side of  the  mouth  of  the  River  Usk.  This  latter  was  driftage 
from  the  wrecks  in  the  Bristol  Channel,  and  had  probably  been 
under  water  considerably  longer  than  ten  years;  this  sample  he 
called  "river  coal."  The  order  of  value  in  steam  raising 
and  actual  working  results,  in  which  the  coals  came  out  in  the 
tests,  was:  (1)  the  river  coal;  (2)  coal  that  had  been  under 
water  ten  years;  (3)  fresh  coal;  (4)  coal  that  had  been  under 
water  three  years.  Comparing  values  with  the  fresh  or  test 
coal,  the  river  coal  was  four  per  cent  better,  and  that  which 
had  been  under  water  ten  years  1.8  per  cent  better.  That  which 
had  been  under  water  three  years  had  lost  1.6  per  cent  of  work- 
ing power.  The  high  value  of  the  older  river  coal,  he  says,  may 
probably  be  accounted  for  by  the  fact  that  in  traveling  through 
the  mud  and  sand  that  gave  it  its  rounded  form,  the  harder  and 
better  kernels,  as  it  were,  had  been  preserved,  and  the  looser 
textured,  less  valuable  outside  portions  were  worn  away.  As  a 
result  of  his  experiments  Mr.  Macaulay  concludes  that  steam  coal 
loses  very  little  of  its  power  by  submersion  under  water  for  the 
length  of  time  that  it  would  reasonably  be  kept  in  naval  store, 
and  that  as  it  is  so  important  to  naval  vessels  to  gain  the  benefit 
of  their  full  working  power,  and  so  much  of  this  is  due  to  the 
coal,  the  subaqueous  storage  of  coal  is  advisable  in  place  of  the 
present  methods  of  storing  with  access  to  air,  by  which  so  high 
a  percentage  of  working  power  is  lost. 
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Summation  of  Opinions 

Judging  from  these  opinions  of  practical  engineers  and  sci- 
entists, the  present  methods  of  coal  storage  without  doubt  often 
result  in  much  loss  from  fires  of  spontaneous  origin  and  more  or 
less  loss  by  a  deterioration  in  fuel  value  of  the  coal  itself.  The 
leading  factors  entering  into  the  cause  of  these  losses  have  been 
pointed  out  as  being;  (1)  the  kind  of  coal  as  to  its  volatile  combus- 
tible content;  (2)  the  presence  of  occluded  inflammable  gases  in 
the  coal  both  before  and  after  mining;  (3)  the  presence  of  pyrites  . 
or  other  sulphur  compounds;  (4)  the  size  of  the  coal:  (5)  the  pre- 
sence of  moisture:  (6)  the  temperature;  and  (7)  the  accessibility  of 
oxygen  to  the  coal. 

From  the  evidence  at  hand  there  seems  to  be  very  little  doubt 
that  the  coals  of  the  lignitic,  bituminous  and  semi-bituminous 
character  with  their  relatively  high  amounts  of  volatile  combus- 
tible matter  have  a  much  greater  tendency  to  weather  than  the  an- 
thracites where  the  volatile  matter  is  low.  There  is  considerable 
evidence  that  methane  and  other  inflammable  gases  formed  during 
the  decomposition  of  vegetable  matter  which  produces  the  coal 
are  contained  in  the  crevices  of  the  coal  as  it  lies  in  the  earth, 
and  are  liberated  both  during  and  after  mining.  This  exudation 
of  inflammable  gaseous  matter  may  be  a  prime  element  in  mine 
explosions,  and  its  continuance  after  storage  may  be  a  large 
factor  in  the  deterioration  processes. 

Opinions  differ  as  to  just  what  part  sulphur  compounds,  the 
most  important  of  which  is  pyrites,  play  in  the  deterioration  of 
coal.  Some  assign  the  leading  part  in  cases  of  spontaneous  igni- 
tion to  pyrites,  while  others  think  that  its  action  in  this  connec- 
tion is  of  only  minor  importance  and  that  absorbed  oxygen  has  most 
to  do  with  this  phenomenon.  Observations  on  the  effect  of  the  air 
upon  pyrites,  however,  seem  to  have  pretty  generally  established 
the  notion  that  pyritic  oxidation  tends  to  raise  the  temperature 
of  the  coal  as  well  as  to  increase  the  tendency  of  the  coal  to  break 
up,  and  that  this  oxidizing  action  is  quite  appreciably  increased 
by  the  presence  of  moisture. 

That  slack  is  much  more  liable  to  spontaneous  ignition  and 
the  deteriorating  influence  of  weathering  agents  seems  to  be  the 
general  opinion.  Having  more  surface  the  finer  particles  absorb 
oxygen  much  more  rapidly  and  this  rapidity  of  absorption  causes 
an  increase  in  temperature  which  in  turn  produces  better  condi- 
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tions  for  absorption  and  chemical  action  between  the  carbon,  hy- 
drogen and  pyrites  of  the  coal  and  the  absorbed  oxygen .  It  would 
seem  that  the  finer  coal  would  hold  the  moisture  longer,  resulting 
in  a  greater  use  being  made  of  its  catalytic  qualities. 

It  is  thought  by  some  authorities  that  the  only  part  moisture 
plays  in  the  deterioration  of  coal  is  to  materially  assist  the  pyri- 
tic  oxidation  or  by  alternate  freezing  and  thawing  in  the  crevices 
of  the  coal  to  expose  more  surface  to  weathering  agents.  There 
are  many,  however,  who  believe  that  aside  from  increasing  the 
oxidation  of  pyrites,  water  has  to  do  with  other  chemical  activi- 
ties, which  result  in  the  decomposition  of  the  coal.  These  believe 
that  oxidation  of  the  carbon  and  hydrogen  of  the  coal  is  hastened 
by  the  action  of  the  water  present.  This  latter  view  seems  to  be 
based  on  the  fact  that  moisture  has  seemingly,  in  some  instances, 
greatly  increased  the  deterioration  of  practically  non-pyritic  coal. 

That  an  increase  of  temperature  has  much  to  do  with  in- 
creasing the  activity  of  the  other  deteriorating  agents  is  the  gen- 
eral belief.  This  rise  of  temperature  whether  coming  from  out- 
side sources  or  physical  or  chemical  action  within  the  coal  tends 
to  accelerate  the  absorption  of  oxygen  and  thereby  increases  the 
oxidation  going  on  and  also  evaporates  the  gases  which  may  still 
be  occluded  in  the  coal.  Thus  heat  assists  in  decreasing  the  fuel 
value  of  the  coal  and  at  the  same  time  increases  its  liability  to 
ignition.  That  the  exclusion  of  oxygen  from  coal  will  decrease 
its  loss  in  heating  value  is  a  growing  belief. 

From  the  evidence  at  hand,  therefore,  it  would  seem  that  not 
only  do  observers  differ  widely  as  to  the  causes  and  extent  of 
weathering,  but  no  very  exact  study  of  the  problem  has  been 
made  in  all  of  its  phases  on  which  could  be  based  very  much 
either  of  theory  or  fact  concerning  the  deterioration  of  coal  in 
storage. 

Any  discussion  of  the  matter  from  our  own  standpoint  will 
be  reserved  until  after  presenting  the  results  of  our  experiments 
as  outlined  in  the  following  pages. 

Experimental  Work 

It  seems  necessary  to  concede  at  the  outset  that  coals  will 
differ  as  to  the  extent  of  their  deterioration,  because  of  their  in- 
dividual peculiarities  of  either  a  chemical  or  physical  nature.  It 
should  be  said  at  the  outset,  therefore,  that  in  the  present  studies 
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no  attempt  has  been  made  to  include  all  types  of  bituminous  coals, 
but  only  those  of  the  Illinois  field.  In  this  series  an  effort 
has  been  made  to  cover  a  number  of  localities  furnish- 
ing a  fair  representation  of  the  different  coals  of  the  state.  Brief- 
ly outlined  the  conditions  under  which  the  coals  were  studied  were 
as  follows.  The  starting  point  was  the  coal  in  its  normal 
state,  that  is,  as  nearly  as  possible  corresponding  to  the  condition 
existing  when  broken  out  of  the  vein.  The  period  of  time  be- 
tween the  mining  of  the  coal  and  the  initial  analysis  varied  some- 
what, but  the  first  series  of  tests  was  made  as  soon  as  possible 
after  the  coal  was  mined.  In  the  light  of  subsequent  develop- 
ments greater  stress  should  be  put  on  the  early  examination  of 
samples  to  determine  the  initial  condition.  Even  under  the  most 
careful  disposition  of  samples  in  laboratory  containers,  a  deteri- 
oration takes  place  which,  while  not  exactly  a  "weathering"  pro- 
cess, is  still  a  large  element  in  any  study  of  the  case  and  must  be 
considered  if  exact  conclusions  are  to  be  available.  This  feature 
will  be  more  fully  discussed  under  another  heading1  . 

There  were  nine  initial  samples  taken  of  approximately  100 
pounds  respectively.  The  coal  was  of  small  lump  or  nut  size  and 
each  sample  was  subdivided  in  order  to  subject  the  same  kind  of 
coal  to  various  conditions.  These  conditions  were  to  be  continued 
through  nine  months  and  in  general  were: 

(a)  Outdoor  exposure. 

(b)  Exposure  to  a  dry  atmosphere  at  a  somewhat  elevated 
temperature,  ranging  between  85°  and  120°  Fahr. 

(c)  Under  the  same  conditions  as  (b)  so  far  as  temperature 
was  concerned,  but  to  be  drenched  with  water  two  or  three  times 
per  week. 

(d)  Submerged  in  ordinary  water  at  a  temperature  approxi- 
mately 70°. 

The  periods  for  examination  were  divided  as  nearly  as  the 
work  would  permit  into 

1.  The  initial  analysis  of  the  fresh  coal. 

2.  After  exposure  for  five  months. 

3.  After  exposure  for  seven  months. 

4.  After  exposure  for  nine  months. 

For  the  sake  of  comparison  also  bhe  calorific  values  were  deter- 
mined under  uniform  conditions  throughout  by  means  of  the  Parr 

xThe  Deterioration  of  Coal  Samples- 
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calorimeter  and  the  results  calculated  to  the  ash  and  water  free 
basis  to  eliminate  any  variations  in  the  process  of  sampling  and 
to  make  as  far  as  possible  the  different  samples  as  well  as  the  dif- 
ferent lots  comparable  among  themselves.  The  results  for  each 
sample  are  charted  in  the  following  diagrams,  a  discussion  of 
which  is  taken  up  after  the  presentation  of  the  charts. 

Concerning  these  results  as  exhibited  in  the  diagrams  it 
should  be  noted  that  while  experiments  are  of  a  preliminary  nat- 
ure largely  devised  to  gain  information  for  carrying  out  more 
elaborate  and  comprehensive  tests,  they  are  sufficiently  consist- 
ent among  themselves  to  justify  certain  tentative  propositions 
as  follows.  There  is  evidence  first  of  all  of  a  distinct  difference  be- 
tween the  submerged  coal  and  that  which  was  exposed  to  the  air. 
The  values  found  for  the  submerged  coal  throughout  the  nine 
months  did  not  vary,  with  possibly  one  or  two  exceptions,  by 
greater  amounts  than  would  occur  in  tests  made  on  succeeding  days 
by  the  same  operator.  Values  obtained  so  far  apart  as  to  time 
with  the  inevitable  modifications  due  to  temperature,  atmospheric 
conditions,  etc.,  may  fairly  be  considered  as  checking  if  they 
agree  within  100  or  150  units.  There  may  indeed  seem  to  be  a  uni- 
form tendency  to  fall  slightly  in  values,  but  from  the  showing 
the  submerged  coal  may  very  fairly  be  said  to  remain  constant. 
There  may  seem  to  be  a  slight  inconsistency  in  this  statement  so 
far  as  chart  No.  1  is  concerned,  there  being  a  considerable  drop 
in  the  value  for  the  submerged  coal.  This  may  be  the  true  state 
of  the  case,  but  more  likely  an  explanation  lies  in  the  fact  that 
initial  values  are  too  high.  Some  variables  may  have  entered  in- 
to the  work  at  the  outset  that  would  not  appear  under  the  more 
settled  conditions  of  routine  and  better  control  later  on. 

If  we  consider  next  the  outdoor  exposure,  it  should  be  said 
that  these  samples  were  contained  in  shallow  boxes  placed  on  the 
nearly  flat  roof  of  a  building  and  subjected  to  the  changes  of 
temperature  and  moisture  common  to  the  months  from  October 
to  July.  The  coals  varied  somewhat  in  their  tendency  to  crumble, 
but  all  showed  more  or  less  of  the' 'slaking"  process.  The  remark- 
able fact  in  this  series  is  the  wide  variation  in  the  amount  lost, 
ranging  from  approximately  2  to  10  per  cent.  The  question  nat- 
urally arises  as  to  whether  this  is  a  natural  characteristic  of  the 
different  coals  or  whether  the  same  variations  would  be  found 
under  different  conditions,  as  for  example,  the  storing  in  large 


PARR-HAMILTON — THE  WEATHERING   OF   COAL  15 

masses  instead  of  the  small  lots  worked  with.  Attention  should 
also  be  called  to  the  fact  that  during  the  progress  of  this  work,  as 
will  be  shown  under  another  topic,  proof  was  obtained  of  the  pos- 
itive loss  of  values  in  samples  stored  under  supposedly  the  best 
laboratory  conditions.  The  rate  of  progress  of  this  loss  has  not 
been  determined  though  it  is  presumably  slow.  The  effort  was 
made  to  obtain  the  initial  values  on  all  the  samples  to  be  subjected 
to  weathering  at  the  earliest  possible  date  after  being  mined,  but 
variations  as  to  time  were  inevitable  and  the  importance  of  guard- 
ing this  point  was  not  so  fully  appreciated  at  the  outset  as  it  was 
at  the  close  of  the  work.  In  further  studies  along  this  line,  this 
particular  element  in  the  case  will  be  guarded  with  due  care, 
but  there  is  no  evidence  so  far  that  the  results  would  be  mater- 
ially affected  or  would  be  different  from  the  general  indication 
of  the  charts. 

Not  the  least  striking  of  all  the  results  are  those  obtained 
from  coal  stored  in  a  thoroughly  dry  atmosphere.  The  fact  that 
these  samples  lost  in  the  aggregate  quite  as  seriously  as  those 
exposed  to  outdoor  conditions,  and,  if  anything,  even  to  a  great- 
er extent,  would  seem  to  indicate  that  moisture  has  little  to  do  with 
the  processes  of  deterioration.  It  must  be  conceded,  of  course, 
that  so  far  as  relates  to  the  weathering  out  of  pyritic  sulphur, 
moisture  is  an  essential  condition,  but  the  losses  are  so  much 
greater  than  would  be  represented  by  the  leaching  out  of  sulphur 
that  this  element  is  practically  obliterated  as  a  factor  in  the 
results.  If  anything  is  proved  indeed  concerning  the  effect  of 
moisture,  it  is  that  it  retards  rather  than  accelerates  the  loss  of 
heat. 

Other  facts  than  these  just  cited  substantiate  the  above  fea- 
ture of  the  case,  tending  to  show  that,  after  all,  weathering  is  not 
a  leaching  process,  or  one  which  primarily  results  from  the  direct 
action  of  water  and  attendant  weather  conditions,  but  seems  to 
be  a  direct  loss  of  volatile  hydrocarbons.  To  how  great  an 
extent  there  is  a  reabsorption  of  atmospheric  gases  and 
to  what  extent  oxidation  accompanies  such  absorption  can 
not  be  stated  from  this  series  of  experiments.  That  water 
indirectly  is  a  factor  can  not  be  doubted,  for  anything  which  pro- 
motes disintegration  facilitates  the  escape  of  combustible  gases. 
Disintegration  results  from  handling,  from  freezing  and  thawing, 
and  from  the  decomposition  of  pyrites.  In  general, we  would  expect 
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greater  persistency  of  values  in  the  dense  and.  less  friable  coals, 
and  in  those  with  less  of  iron  pyrites  throughout  their  texture. 
In  submerged  coal,  the  decomposition  of  the  pyrites  is  checked 
and  without  special  reference  to  fineness  of  division.  The  loss  of 
volatile  matter  seems  also  to  cease.  These  processes  which  are 
active  in  the  air  and  cease  under  water  where  the  element  of  pres- 
sure or  lack  of  it  can  hardly  be  a  factor,  suggest  the  idea  of  dis- 
placement of  hydrocarbon  gases  by  oxygen,  by  some  process  akin 
to  osmosis  or  catalysis  whereby  a  certain  amount  of  oxidation  of 
the  carbon  or  hydrogen  occurs.  Altogether,  the  results  are  of 
value  not  only  as  touching  the  facts  relating  to  the  storage  of 
coal,  but  especially  as  to  their  suggestions  for  further  studies  look- 
ing to  fuller  information  of  practical  value  on  this  very  import- 
ant topic. 

Summary 

(a)  Submerged  coal  does  not  lose  appreciably  in  heat  value. 

(b)  Outdoor  exposure  results  in  a  loss  of  heating  value  vary- 
ing from  2  to  10  per  cent. 

(c)  Dry  storage  has  no  advantage  over  storage  in  the  open 
except  with  high  sulphur  coals,  where  the  disintegrating  effect 
of  sulphur  in  the  process  of  oxidation  facilitates  the  escape  of 
hydrocarbons  or  the  oxidation  of  the  same. 

(d)  In  most  cases  the  losses  in  storage  appear  to  be  practi- 
cally complete  at  the  end  of  five  months.  From  the  seventh  to 
the  ninth  month,  the  loss  is  inappreciable. 

(e)  The  results  obtained  in  small  samples  are  to  be  considered 
as  an  index  of  the  changes  affecting  large  masses  in  kind  rath- 
er than  in  degree,  but  since  the  losses  here  shown  are  not  beyond 
what  seems  to  conform  in  a  general  way  to  the  experience  of  users 
of  coal  from  large  storage  heaps,  it  may  not  be  without  value  as 
an  indication  of  weathering  effects  in  actual  practice. 

Further  studies  are  to  be  continued,  having  reference  to  act- 
ual storage  conditions. 


PARR-HAMILTON — THE   WEATHERING    OF   COAL 


17 


I50OO 


Pana  Nut  and  Slack. 

SampledThree  Weeks  after  Mining. 


D 
GO 

O 

a 


3 


1 

5 

^ 

^ 

^ 

> 

V 

^ 

k 

> 

v 

s 

s 

s> 

> 

r\ 

st 

\4  0QO 

\ 

1    1 

n 

> 

N 

> 

\ 

■• 

-  N 

^ 

c 

> 

"*- 

*  ™* 

'«< 

> 

"*  >. 

n 

WH 

► 

Outdoor  exposure. 

At  35°toI20°F.  dry 

At85*T0  I20T  WETTED  OFTEH 

15000 

< 

^4 

*j-> 

mt 

,r\* 

1  c- 

U 

/t 

i 

v 

1. 

I        2      3      4       S       <5      7       a 

Time  of  Exposure- Months. 


a     \o 


Fig.  1 


18 


ILLINOIS   ENGINEERING   EXPERIMENT   STATION 


15000 


Oakwood  Nut. 

Sampled  One  Day  after  Mining. 


in 

CO 

</) 

D 
CD 

r 
o 


fe   14000 


o 
a 

z 

D 
O 

a 

a 

H 

cb 


13000 


- 

•— 



*  *  * 

--< 

— 

\ 

s 

s 

i, 

\ 

\ 

\ 

\ 

\ 

\ 

L 

\ 

^ 

S 

Outdoor  exposure. 
Submerged  at  70°F. 

I         Z3456783I0 

Time  of  Exposure- Months. 

Fig.  2 


PARR-HAMILTON — THE   WEATHERING   OF  COAL 


19 


15000 


Pana  nut  and  Slack. 

Sampled  Three  Weeks  after  Mining. 


D 
cO 
J. 
O 
V 
k. 
O 

a 

Z 

o 

CL 

cC 

hi 

a 

Z> 

H 
cri 


***" 

— 

-., 

14000 

k< 

^ 

.. 

^J 

1 

'^ 

^ 

k 

"J 

\ 

\ 

\ 

\ 

\ 

v. 

S 

s. 

^ 

> 

Outdoor  exposure. 

N 

> 

At85*to)20T.  DRY. 

AT85YO  EOT  wetted  often 

CiiBiiEn/>i>A      «~    7A°r 

13000 

""lL 

.K* 

JL 

U 

Kl 

< 

KJ 

1   . 

I         2        3       4        5        6       7        8 

Time  or  Exposure-  Months. 

Fig.  3 


3      10 


20 


ILLINOIS   ENGINEERING   EXPERIMENT    STATION 


Pawnee  Washed  pea. 

Sampled  One  Day  after  Mining. 


15000 


Hi 


09 
O 

o 

Z 
3 
O 

a 

cL 
kJ 

CL 

D 
H. 
CO 


14000 


13000 


P^i 

"* 

'^ 

■*■ 

-« 

^*» 

^ 

-H 

I 

^ 

\ 

'^ 

k^ 

A 

^ 

*; 

*«i 

r' 

\ 

\ 

I — 

Outdoor  exposure:. 

AT85°T0l20T.  dry. 

At  85*to)20T  wetted  often. 

w>V. 

-»L5 

ML 

-IX 

JL 

U 

Ml 

I         Z        3        4         5        6        7        8 

Time  of  Exposure-  Months. 

Fig.  4 


10 


PARR-HAMILTON — THE   WEATHERING   OF   COAL 


21 


Oakwood  Nut  and  Slack. 

Sampled  One.  Day  after  Mining, 


aJ 

.J 

03 

P 

D 
03 

r 
o 

u. 
o 

Q 

z 

Z3 
O 
CL 

q: 
uj 
a. 

H 

QQ 


15000 

^ 

X 

N 

N 

'*■* 

v» 

14000 

V 

. 

"S 

'v_ 

'V 

_« 

.- 

" 

Outdoor  exposure. 

AT85°T0l2O°r  DRY. 

At  85*10  \Z0°T.  wetted  often. 

13000 

w>L 

JD 

VU 

-K' 

JL- 

u 

>M 

a        3       4        5       6       7        8 

Time  of  Exposure-  Months 

Fig. 


10 


22 


ILLINOIS    ENGINEERING    EXPERIMENT   STATION 


15000 


majestic  Nut  and  Slack. 

Sampled  Three  Weeks  after  Mining. 


UJ 

-J 
flO 

H 

\n 

CD 

r 
o 


fe  14000 


o 

a 

z 

3 
O 
Cl 

a 

UJ 
0. 

Z> 
H 


13000 


^ 

s  * 

"V 

zsz 

5£ 

' 

\ 

>s 

N 

1 

\% 

'V 

\ 

\ 

% 

•»  ^ 

\ 

r-4 

i 

S 

I 

-- 

-H 

►-H 

y" 

\ 

s 

s 

\ 

s 

* 

\ 

S 

k 

Outdoor  exposure. 

At85To)20°F   DRY. 

At  85YoI20T  wm£D  om 

FH 

Cua^i  *»£**«    *.-r"^A»F 

ML 

.  r\\ 

JU 

u 

AM 

I         234         56789      10 

Time  of  Exposure- Months. 

Fig.  6 


PARR- HAMILTON — THE  WEATHERING  OF  COAL 


23 


SPRINGFIELD  LUMP  BROKEN  TO  NUTSlZES 
Sampled  Four  Weeks  after  Mining. 


J5000 
id 

-I 

2 

<n 

CO 

r 
o 

b. 

O 

|  14000 
o 

id 

0. 

GO 


13000 


— r 

-= 

— 

-.. 

— 

kd 

ham 

H 

» 

•- • 

— 1 

.-* 

Outdoor  exposure:. 

AT85*TOl20T  DRY. 

SUBMERQED  AT  70°  F. 

IZ34        56789I0 

Time  of  Lxposure- Months. 

Fig.  7 


24 


ILLINOIS   ENGINEERING   EXPERIMENT   STATION 


UJ 

-t 
cO 

H 
m 
D 
GO 

r 
o 
cj 

u- 
o 

o 

z 

D 

o 
a 

a: 

ui 
a. 

H 


Du  Quoin  Lump  broken  to  Nut  Sizes. 

Sampled  One  Week  after  Mining. 


15000 

i 

E 

— 

_.. 

... 

_.. 

— < 

> 

— 

--_ 

^ 

^ 

i 

<; 

<; 

. 

s 

. 

s 

^ 

V 

\ 

K\, 

r\ 

| 

N 

-- 

-«H 

>-- 

— 

s 

^ 

14000 

Outdoor  exposure. 

At85°to)20  F  dry. 

Submerged  at  70°F. 

13000 

I         234-567         83      10 

Time  of  Exposure- Months. 

Fig.  8 


PARR-HAMILTON — THE   WEATHERING   OF   COAL 


25 


Pana  lump  broken  to  Nut  Sizes. 

5ampled  Three  Weeks  after  Mining. 


»- 

V) 

D 
CO 

o 

L. 

o 

Q 
Z 
D 
O 
Q. 


CL 

z> 
H 

CO 


15000 

< 

... 

r^ 

N 

k 

=3 

> 

N, 

""n 

V 

N 

s 

.-< 

> 

14000 

s 

h- 

-- 

- 

--4 

H-- 

Outdoor  exposure. 

At85°toI20°E  dry. 

Submerged  at  70°  F. 

»3O00 

I         234        567&9      10 

Time  of  Exposure -Months. 

Fig.  9 


26  ILLINOIS   ENGINEERING   EXPERIMENT   STATION 


THE    DETERIORATION  OP  COAL  SAMPLES 

By   S.    W.    Parr,  Professor  of   Applied   Chemistry,  and 

W.   F.  Wheeler,   Assistant   Chemist,    Illinois  State 

Geological    Survey 

(In  Cooperation  with  the  Illinois  State  Geological  Survey) 

Closely  related  to  the  weathering  of  coals  is  the  subject  of 
the  deterioration  of  samples  in  storage.  It  would  be  assumed  as 
a  general  proposition,  that  carefully  sealed  samples,  kept  at  nor- 
mal temperature,  in  glass  containers,  would  remain  constant  as  to 
their  composition.  Many  facts  have  accumulated  which  seem  to 
disprove  this  proposition.  In  an  article  by  one  of  the  writers 1 , 
reference  is  made  to  the  necessity  of  making  calorific  determina- 
tions where  comparisons  between  different  instruments  are  in- 
volved, at  approximately  the  same  date.  To  quote  from  that  article 
— "A  comparison  of  calorimeters  should  be  made  at  approximate- 
ly the  same  time.  A  series  of  calorific  determinations  made  on 
finely  ground  samples  on  May  12,  1900,  was  found  to  give  a 
reading  2.4  per  cent  less  on  July  12,  1900.  It  was  necessary  to 
repeat  practically  all  of  the  above  determinations  on  this  account, 
all  of  the  results  showing  a  deterioration  in  the  finely 
ground  samples.  This  subject  will  receive  further  atten- 
tion later." 

In  correspondence  and  conference  with  other  workers,  this 
fact  has  been  questioned,  as,  for  example,  Dr.  Bunte,  of  the  Karls- 
rhue  Polyteknikum,  says  that  coal  samples  kept  for  analytical 
purposes,  and  which  are  determined  by  students  year  after  year, 
give  evidence  of  a  constancy  as  to  their  calorific  values.  How- 
ever this  may  be,  the  coals  of  the  Mississippi  Valley,  being  of  a 
different  type  from  the  German  coals,  may  not  necessarily  follow 
the  same  behavior  in  storage.  Indeed,  it  may  be  doubted  if  the 
coals  of  Western  Pennsylvania  and  Virginia  would  show  the  same 
behavior  in  this  respect  as  the  coals  of  the  Mississippi  Valley. 


•A  New  Coal  Calorimeter,  by  S.  W.  Parr.  Jour.  Am.  Chem-  Soc.  Oct..  1900,  p.  650. 
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At  any  rate,  there  have  accumulated  a  number  of  facts  which 
point  to  the  deterioration  of  Illinois  coal  samples  in  laboratory 
storage  and  it  is  the  purpose  of  this  paper  to  give  the  evidence 
which  has  come  to  hand  up  to  the  present  time. 

The  matter  is  of  importance,  not  only  from  its  bearing  upon 
an  understanding  of  the  matter  of  the  weathering  of  coals,  but 
in  connection  with  all  matters  pertaining  to  the  comparison  of 
values  as  between  different  samples.  It  is  to  be  taken  into  ac- 
count also  in  considering  the  value  which  is  to  be  placed  upon  the 
"pure  coal"  idea  as  frequently  set  forth,  to  the  effect  that  the  ash 
and  water  free  basis  is  common  ground  for  comparison  under  all 
conditions.  It  is  exceedingly  helpful  and  indeed  essential,  in 
the  scientific  study  of  coals,  to  have  a  unit  of  reference  which 
may  be  used  as  a  basis  of  comparison,  but  it  is  essential  also  to 
know  the  variations  which  may  enter  into  such  a  unit,  in  order  to 
avoid  errors  in  the  ultimate  conclusions. 

In  comparing  the  values  of  Illinois  coals,  as  obtained  by  the 
United  States  fuel  testing  plant  at  St.  Louis,  with  the  values  de- 
termined in  this  laboratory  by  the  Illinois  State  Geological  Sur- 
vey on  coals  from  the  same  districts,  it  was  found  that  consider- 
able discrepancy  existed  upon  referring  the  results  in  both  cases 
to  unit  basis,  as,  for  example,  the  ash  and  water  free  condi- 
tion. Perhaps  the  most  striking  fact  in  this  connection  was  the 
uniformly  lower  calorific  values  obtained  by  the  State  Geological 
Survey.  The  possibility  of  this  difference  being  due  to  variations 
in  methods  and  to  different  operators  was  duly  considered.  How- 
ever, the  method  of  sampling  at  the  mine  was  the  same,  the  sam- 
ple being  taken  from  the  face  of  the  vein,  reduced  by  quartering 
in  the  usual  manner  to  about  two  pounds  in  weight,  sealed  in 
tins  with  screw  cap  and  insulating  tape,  exactly  as  followed  by 
the  fuel  testing  plant  at  St.  Louis * .  The  type  of  calorimeter  was 
also  duplicated,  the  instrument  in  this  laboratory  used  in  this 
comparison,  being  of  the  Mahler- Atwater  type  with  platinum  lin- 
ing and  operated  in  a  room  under  temperature  control.  A  care- 
ful standardization  of  the  instrument  and  a  redetermination  of  its 
water  equivalent  were  also  made.  The  results  here  were  so  uni- 
formly lower  than  those  obtained  at  St.  Louis  as  to  call  for  a  spe- 
cial study  to  ascertain  the  cause.     An  examination  of  the  accom- 


1U.  S.  Geol.  Surv.  Coal  Testing  Plant,  Bui.  261,  p.  20. 
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panying  table  will  make  evident  the  difference  in  calorific  values 
as  above  described. 

It  is  not  a  sufficient  explanation  to  say  that  the  samples  in 
the  two  cases  were  not  identical.  Indeed,  frequently  they  were 
not  taken  from  the  same  mine.  It  is  a  well  established  fact,  how- 
ever, that  samples  taken  from  the  same  locality,  when  referred 
to  a  unit  basis,  as  the  ash  and  water  free  conditions,  will  show 
relatively  small  variations,  at  least,  within  a  limited  area.  It  is 
true  that  variations  in  the  same  region  do  occur  often,  but  evi- 
dence of  these  variations  is  largely  dependent  upon  the  accuracy 
of  the  unit  adopted  for  reference,  and  when  properly  com- 
pared, these  variations  are  not  of  sufficient  size  nor  of  suffi- 
cient uniformity  to  explain  either  the  magnitude  or  the 
constancy  in  direction  of  the  differences  shown  in  the  accompany- 
ing table.  Concerning  the  unit  of  reference,  it  should  be  said 
that  the  ash,  moisture  and  pyrite-f ree  basis  is'used  as  approaching 
the  nearest  possible  to  the  actual  material  under  consideration, 
thereby  eliminating  such  variables  as  would  obviously  result  if  no 
notice  were  taken  of  the  presence  or  absence  of  sulphur.  The 
weight  of  ash,  therefore,  is  corrected  by  adding  f  of  the  weight 
of  sulphur  present,  as  representing  the  original  pyritic  condition. 

In  taking  up  the  study  of  the  conditions  under  which  the 
work  was  carried  on  in  the  two  laboratories,  so  far  as  can  be  de- 
termined, the  only  point  of  divergence  seemed  to  reside  in  the 
time  elapsing  between  the  date  of  sampling  at  the  mine  and  the 
date  at  which  the  determinations  were  made  in  the  laboratory.  In 
the  case  of  the  fuel  testing  plant  at  St.  Louis,  this  difference  in 
time  was  relatively  short,  being  presumably,  as  a  rule,  not  more 
than  two  or  three  weeks.  In  the  case  of  the  State  Geological  Sur- 
vey, because  of  certain  exigencies,  an  unavoidable  delay  occurred, 
hence  the  time  elapsing  varied  from  six  months  to  a  year. 

Two  methods  of  caring  for  the  samples  were  followed.  First, 
where  time  permitted,  the  coal  as  received  in  the  tins  was  at 
once  emptied  into  shallow  pans  and  the  amount  of  moisture  lost 
upon  air  drying  was  determined  by  allowing  the  pans  to  stand 
exposed  to  the  air  over  night.  The  sample  was  then  reduced  to 
buckwheat  size,  one-half  was  sealed  in  glass  jars,  of  the  so  called 
Lightning  or  Putnam  pattern,  and  the  other  half  was  ground  in 
the  Ball  mill  with  porcelain  jars  of  the  Abbe  type.  This  part  of 
the  sample  was  also  sealed  in  a  similar  jar  and  set  aside  for  the 
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analytical  work  later.  The  analyses  used  in  Table  1  for  com- 
parison with  the  St.  Louis  results  were  made  on  these  finely 
ground  portions. 

The  other  method  of  caring  for  the  samples  consisted  in  sim- 
ply transferring  the  coal  as  received  in  the  tins  to  glass  contain- 
ers without  air  drying.  Fifty  samples  were  thus  disposed  of, 
about  half  being  stored  in  the  Putnam  jars  and  half  in  jars  of 
the  common  Mason  type. 

TABLE  1 

Comparison  of  New  and  Old  Samples  of  Illinois  Coals 
In  Laboratory  Storage 


Sample  Numbers 

Locality 

Mine  Sample  U.  S. 
G.  S.  Ash,  Mois- 
ture and  Pyrite 
Free 

Mine  Sample  111. 
'  Geol.  Surv.  Ash, 
Moisture  and 
Pyrite  Free 

Differ- 
ence 

Per 
cent 
of  Va- 
riation 

U.  S.  G.S.,  111.  No.  1 
111.  Geol.  Surv.  No.  95 

O'Fallon 
O'Fallon  a 

14567 

14084 

483 

-3.31 

U.  S.  G.  S.,  111.  No.  3 
111.  Geol.  Surv.  No.  330 

Marion 
Marion  a 

14561 

14335 

226 

-1.55 

U.  S.  G.  S.,  111.  No.  9 
111.  Geol.  Surv.  No.  94 

Staunton 
Staunton  a 

14615 

13923 

692 

-4.72 

U.  S.  G.  S.,I11.  No.  10 
111.  Geol.  Surv.  No.  364 

W.  Frankfort 
W.  Frankfort  b 

14647 

14332 

315 

-2.15 

U.  S.  G.  S.,  111.  No.  11 
111.  Geol.  Surv.  No.  325 

Carterville 
Carterville  a 

14731 

14213 

518 

-2.15 

U.  S.  G.  S.,  111.  No.  15 
111.  Geol.  Surv.  No.  167 
111.  Geol.  Surv.  No.  169 

Centralia 
Centralia  b 
Centralia  a 

14587 

14200 
14376 

387 
211 

-2.65 
-1.44 

U.  S.  G.  S.,  111.  No.  16 
111.  Geol.  Surv.  No.  323 

Herron 
Herron  a 

14558 

14321 

237 

-1.62 

U.  S.  G.  S.,  111.  No.  18 
111.  Geol.  Surv.  No.  393 

LaSalle 
LaSalle  b 

14440 

14722 

282 

-1.91 

(a)  not  same  mine 

(b)  same  mine 


As  already  noted,  it  has  been  impossible  in  this  table  of  com- 
parisons to  select  cases  where  the  samples  were  exact  duplicates 


30 


ILLLNOIS   ENGINEERING    EXPERIMENT    STATION 


from  the  same  mine  in  each  instance,  but  it  may  fairly  be  claimed 
that  the  uniformity  with  which  the  lower  values  are  indicated  for 
the  older  samples  precludes  the  possibility  of  ascribing  the  dif- 
ference to  the  character  of  the  coal.  The  same  thing  may  also 
be  said  with  reference  to  variations  in  results  which  may  be  ex- 
pected from  different  operators.  If  this  were  the  reason  for  the 
discrepancy,  one  would  hardly  expect  the  uniformity  as  to 
direction  of  the  results  here  indicated  in  the  tables.  To 
determine  whether  deterioration  might  result  from  the  finely 
ground  state  of  the  samples,  the  reserve  sample  in  the  coarse 
condition  in  a  number  of  cases  was  taken  and  calorific  determina- 
tions made  as  upon  the  fine  samples.  These  results  were  found 
practically  to  duplicate  those  obtained  upon  the  ground  samples. 
Hence,  it  was  concluded  that  if  deterioration  were  the  explana- 
tion, it  had  affected  both  the  coarse  and  fine  samples  alike.  It 
was  then  decided  to  obtain  new  samples  from  the  same  localities 
and  so  far  as  possible  from  the  same  mines,  collecting  and  pre- 
paring the  samples  in  exactly  the  same  way  as  before.  The  de- 
terminations on  these  samples  were  made  within  a  period  not  to 
exceed  ten  days  from  the  date  of  collection.  The  results  arranged 
for  comparison  with  the  old  samples  are  shown  in  Table  2. 
The  striking  uniformity  with  Table  1  is  to  be  noted  in  that 
practically  the  same  difference  in  values  is  shown  between  the 
new  samples  and  the  old  as  exists  between  the  St.  Louis  results, 
presumably,  also  on  fresh  samples,  and  our  own  results  known  to 
be  on  samples  of  from  six  months'  to  a  year's  standing. 

TABLE  2 

Comparison  of  Coal  Samples  for  Varying  Lengths  of  Time 
In  Laboratory  Storage 


Lab. 
No.  111. 

State 
Geol. 
Survey 

Source  of  Sample 

Time  of 

Storage 

B.  t.  u. 

Of  Asli. 
Moisture 
and  Py- 
rite  free 

Loss  in 
B.t.u. 

Percentage 

of    1  . 

421 
307 

Majestic  Mine, 
DuQuoin.  1 11. 
Apr.  17,  15)07 

Paradise  Coal  & 
Coke  ( Jo., 
DuQuoin,  111. 

10  days 
1  year 

L4386 
L4116 

207 

-1.9 

PARR-WHEELER — THE   DETERIORATION    OF    COAL 
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Lab. 

No.  111. 
State 
Geol. 

Survey 

Source  of  sample 

Time  of 
storage 

B.  t.  u. 
of  Ash, 
Moisture 
and  Py- 
rite  free 

Loss  in 
B.  t.u. 

- 

459 
323 

Big  Muddv  C.  &  I. 

No.  7 

Apr.  18,  1907 

Squirrel  Ridge 
Mine 
Herrin,  111. 

10  days 
1  year 

14615 
14321 

294 

-2.0 

460 
325 

Big  Muddv  Coal  Co. 
No.  8,  Clifford. 
Apr.  18,  1907 

Clifford, 
Carterville 

10  days 
1  year 

14615 
14213 

402 

-2.7 

462 
330 

Peabody  Coal  Mine 
No.  3  three  miles  west 
of  Marion,  111. 
Apr.  18,  1907 

Peabody  Coal  Co. , 
Marion,  111. 

.10  days 
1  year 

14781 
14335 

446 

-2.6 

540 

82 
81 

Sangamon  Mine, 
Springfield 

Sangamon  Mine, 
Springfield 

Sangamon  Mine, 
Springfield 

1  week 
7  months 
7  months 

14567 
14100 
13940 

467 
841 

-3.2 
-4.3 

557 
332 

Kelly  No.  4,  now 
Dearing  No.  44 

Kelly  Coal  Co., 
Westfield,  111. 

5  days 
1  year 

14450 
14054 

396 

-2.8 

558 
333 

Kelly  Coal  Co., 
Himrod  Mine, 
Himrod,  111. 

Himrod  Mine, 
Himrod,  111. 

5  days 
1  year 

14564 
14087 

477 

-3.3 
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Still  a  third  series  of  results  has  been  arranged  in  Table  3. 
Here  the  comparison  is  made  between  the  St.  Louis  values  and 
our  own,  obtained  on  relatively  fresh  samples  from  the  same  or 
near-by  mines.  There  is  further  confirmation  of  the  proposition 
here  in  that  the  results  on  our  own  samples  are  sometimes  higher 
and.  sometimes  lower  than  the  St.  Louis  values.  The  relative 
dates  are  not  at  hand  in  each  case  to  indicate  whether  or  not  the 
plus  and  minus  values  conform  to  a  greater  or  less  transpiration 
of  time  before  analysis  but  it  is  worthy  of  noting  that  the  discrep- 
ancies are  not  so  wide  as  in  Tables  1  and  2,  where  a  positive 
and  wide  variation  of  time  existed.  Even  in  the  third  sample 
from  Stanton  (Table  3)  where  a  difference  of  2.14  per  cent  is 
indicated,  in  Table  1  for  the  same  mine,  a  difference  of  4.72 
per  cent  is  given. 

TABLE  3 

Comparison  of  Illinois  Coal  Samples  with  [Relatively  Short  Period 
In  Laboratory  Storage 


Sample  Numbers 

Locality 

Mine  Sample  U.  S. 
G.  S.  Ash,  Mois- 
ture and  Pyrite 
Free 

Mine  Sample  111. 
Geol.  Surv.  Ash, 
Moisture,  and  Py- 
rite Free 

Differ- 
ence 

Per 

cent 
of  Va- 
riation 

U.  S.  G.  S.  111.  No.  3 
111.  Geol.  Surv.  No.  462 

Marion 
Marion  a 

14561 

14781 

220 

+  1.51 

U.  S.  G.  S.  111.  No.  7 
111.  Geol.  Surv.  No.  725 
111.  Geol.  Surv.  No.  723 
111.  Geol.  Surv.  No.  724 

Collinsville 
Collinsville  b 
Collinsville  a 
Collinsville  a 

14373 

14659 
14640 

14564 

286 
267 
191 

+  1.98 
+  l.Sl 
-  1.32 

U.  S.  G.  S.  111.  No.  9 
111.  Geol.  Surv.  No.  737 

Stanton 
Stanton  a 

14615 

14301 

314 

2.14 

U.  S.  G.  S.  111.  No.  11 
111.  Geol.  Surv.  No.  460 

Carterville 
Carterville  b 

14731 

14615 

116 

-  .787 

U.  S.  G.  S.  Til.  No.  14 
111.  Geol.  Surv.  \<>.  540 
111.  Geol.  Surv.  No.  740 
III.  Geol.  Surv.  No.  741 

E.  Springfield 
E.  Springfield  a 
E.  Springfield  a 
E.  Springfield  a 

14464 

L4561 
L4408 

14429 

L03 

56 

35 

+  .711 

-  .387 

-  .243 
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Sample  Numbers 

Locality 

Mine  Sample  U.S. 
G.  S.  Ash,  Mois- 
ture and  Pyrite 
Free 

Mine  Sample  111. 
Geol.  Surv.  Ash, 
Moisture  and  Py. 
rite  Free 

Differ- 
ence 

Per 
cent 
of  Va- 
riation 

U.  S.  G.  S.  111.  No.  16 
111.  Geol.  Surv.  No.  459 

Herron 
Herron  b 

14558 

14615 

57 

+  .391 

U.  S.  G.  S.  111.  No.  19 
111.  Geol.  Surv.  No.  419 
111.  Geol.  Surv.  No.  420 

Ziegler 
Ziegler  b 
Ziegler  b 

14601 

14480 
14445 

121 
156 

-  .829 
-1.06 

(a)    Not  same  mine. 
(6)    Same  mine. 

It  is  now  in  order  to  refer  to  certain  other  facts  which  still 
further  confirm  the  proposition  in  hand.  The  fifty  samples  above 
referred  to  (p.  29)  as  having  been  transferred  without  air  drying 
to  glass  containers  upon  their  arrival  at  the  laboratory,  were  ex- 
amined after  about  ten  months'  standing.  Twenty-nine  of  the 
samples  had  been  placed  in  the  type  of  jar  shown  herewith  and 
known  as  the  Lightning  or  Putnam  jar.  Extended  experience 
with  this  jar  as  a  container  for  sodium  peroxide,  a  chemical  with 
unusual  avidity  for  moisture  from  the  atmosphere,  has  proved  it 
to  be  possessed  of  an  absolute  seal.  The  remaining  twenty- one 
samples  had  been  placed  in  the  common  Mason  fruit  jar  with 
metal  screw  cap  and  very  indifferent  seal.  After  the  ten  months 
of  storage,  upon  opening  the  Lightning  jars  a  slight  pressure  of 
gas  was  noted  which  suggested  the  testing  of  the  same  with  a  light- 
ed match.  In  twenty-six  of  these  jars  the  gas  ignited  with  a 
strong  blue  flame,  burning  up  from  one-half  to  six  inches  above 
the  top  of  the  jar.  Upon  covering  with  the  cap  and  testing  again 
with  a  match,  these  jars  would  reignite  for  two  or  three  succes- 
sive times.  Two  of  the  jars  had  been  previously  opened  without 
attention  to  the  contents  and  it  is  not  known  whether  they  con- 
tained inflammable  gas  or  not.  In  one  other  of  these  jars,  the  gas 
was  carbon  dioxide,  judging  from  the  fact  that  instead  of  igniting 
the  match  was  extinguished.  Not  one  of  the  Mason  jars  with  the 
zinc  cover  contained  any  pressure  of  gas  and  no  tendency  to  ig- 
nite was  manifested.      It  should  be  noted  that  all  of  these  jars  were 
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in  diffused  light,  but  not  in  direct  sunlight,  and  that  only  the 
Lightning  jars  possessed  perfect  seal.  By  reference  to  Fig.  10,  it 


Fig.  10 

will  be  seen  that,  with  the  exception  of  the  rubber  gasket,  the  en- 
tire inclosure  of  the  material  is  of  glass.  The  gasket,  however, 
is  an  exception  to  this,  but  it  is  held  with  a  very  positive  pressure 
by  reason  of  the  lever  device  for  clamping  on  the  top.  The  con- 
ditions in  the  ordinary  Mason  jar  are  different  in  that  a  metal 
screw  cap  is  employed  and  the  positiveness  of  the  seal  of  the  rub- 
ber gasket  is  questionable.  We  have  herein  evidence  of  the  ten- 
dency of  the  coal  to  give  off  combustible  gas  after  being  broken 
out  of  the  vein,  and  if  we  accept  the  theory  proposed  by  Richter 
and  others,  that  this  exudation  of  combustible  gas  is  accompanied 
by  a  corresponding  absorption  of  oxygen  from  the  air,  we  may 
readily  understand  some  of  the  processes  which  go  on  in  the  de- 
terioration of  samples  as  well  as  in  the  weathering  of  coal. 

One  further  incident  is  worthy  of  notice  in  this  connection. 
Certain  samples  used  in  Coal  Bulletin  2,  published  as  the 
University  of  Illinois  Studies  on  the  Composition  of  Coal,  1904, 
were  opened  after  three  years  of  storage  in  jars  of  the  Lightning 
type  as  above  described.  These  samples  had  not  been  opened 
during  the  three  years.  It  was  noted  that  much  of  the  iron 
pyrites  disseminated  throughout  the  coal  had  become  oxidized  to 
ferric  sulphate.     This  suggested  that  by  leaching  out  this  com- 
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pound,  and  estimating  the  sulphur  thus  transformed  to  sulphate, 
we  could  calculate  the  amount  of  oxygen  necessary  to  bring  about 
the  reaction  from  the  form  of  iron  pyrites,  (PeS2)  to  ferric  sul- 
phate, Fe2  (S04)3.  It  was  found  that  the  amount  of  oxygen  required 
to  oxidize  the  weight  of  sulphur  found  was  1.99  grams  and  calcu- 
lated to  the  equivalent  volume  of  pure  oxygen  would  be  1.39 
liters,  or,  if  calculated  to  the  equivalent  of  atmospheric  air,  it 
would  require  7  liters  of  such  air  to  furnish  the  necessary  oxygen 
for  the  reaction.  When  it  is  remembered  that  the  jars  in  which 
these  samples  were  kept  had  a  volume  all  told  of  only  one  pint 
and  that  this  space  was  occupied  at  least  to  the  extent  of  three 
quarters  of  the  total  with  coal  of  buckwheat  size;  and  when  we 
further  remember  that  these  jars  were  possessed  of  absolute  seal, 
without  opportunity  for  transference  of  oxygen  from  without, 
there  is  furnished  evidence  of  the  fact  that  occluded  oxygen  or 
absorbed  air  must  have  been  present  in  sufficient  amount  to  ac- 
complish the  work  indicated  by  the  transformation  of  the  pyrites 
to  ferric  sulphate. 

It  would  seem  from  the  above  experiences  that  there  is  not 
only  sufficient  evidence  to  establish  the  fact  of  the  deterioration 
of  coal  samples  but  a  fairly  well  established  explanation  as  to 
how  this  deterioration  takes  place.  Other  tests  along  this  same 
line  are  being  carried  out  from  still  other  standpoints,  and  while 
they  are  not  complete,  the  evidence  is  all  in  the  same  direction  as 
that  adduced  above. 

Summary 

(a)  An  exudation  of  combustible  gases  from  coal  occurs  from 
the  time  of  breaking  out  of  the  sample  from  the  vein. 

(b)  An  absorption  of  oxygen  accompanies  the  exudation  of 
hydrocarbons . 

(c)  Samples  of  coal  in  most  carefully  sealed  containers  are 
subject  to  deterioration. 

(d)  The  process  of  deterioration  is  probably  due  to  oxidation 
of  hydrogen  or  hydrocarbons  by  means  of  the  absorbed  oxygen. 
It  may  also  be  due  to  a  simple  loss  of  combustible  gases  and  the 
replacement  of  the  same  by  non-combustible  gases  such  as  oxygen. 

(e)  The  rapidity  or  extent  of  this  deterioration  varies  with 
different  coals  but  is  probably  most  active  during  the  first  two  or 
three  weeks  from  the  taking  of  the  sample,  but  does  not  seem  to 
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reach  a  normal  state  till  after  a  few  months  have  elapsed.     Fur- 
ther data  on  this  point  especially  are  necessary. 

It  is  interesting,  also,  to  bring  together  the  averages  of  the 
results  in  the  three  tables  for  further  comparison.  There  is  thus 
afforded  further  evidence  suggesting  the  fact  of  deterioration. 

TABLE  4 
Averages  from  Tables  1,  2  and  3 


Illinois  State  Geological  Survey 
Eight  old  in  comparison  with  eight 
new  samples— 
from  Table  1. 

Average  2.85  per  cent  lower 

Illinois  State  Geological  Survey 
Nine  old  samples  in  comparison 
with  nine  results  by  U.  S.  G.  S.— 
from  Table  2. 

Average  2.40  per  cent  lower 

Illinois  State  Geological  Survey 
Twelve  fresh  samples  in  comparison 
with  results  by  U.  S.  G.  S.— 
from  Table  3. 

Average  0.20  per  cent^higher 

PARK- WHEELER — THE    DETERIORATION    OF    COAL  37 


Publications  of  The  Engineering   Experiment  Station 

Bulletin  No.  1.  Tests  of  Reinforced  Concrete  Beams,  by  Arthur  N 
Talbot.    1904.     (Out  of  print). 

Circular  No.  1.    High  Speed  Tool  Steels,  by  L.  P.  Breckenridge.     1905. 

Bulletin  No.  2.  Tests  of  High-Speed  Tool  Steels  on  Cast  Iron,  by  L. 
P.  Breckenridge  and  Henry  B.  Dirks.    1905. 

Circular  No.  2.    Drainage  of  Earth  Roads,  by  Ira  O.  Baker.     1906. 

Bulletin  No.  3.  The  Engineering  Experiment  Station  of  the  Univer- 
sity of  Illinois,  by  L.  P.  Breckenridge.    1906.     (Out  of  print). 

Bulletin  No.  4-  Tests  of  Reinforced  Concrete  Beams,  Series  of  1905, 
by  Arthur  N.  Talbot.     1906. 

Bulletin  No.  5.  Resistance  of  Tubes  to  Collapse,  by  Albert  P.  Carman. 
1906.     (Out  of  print). 

Bulletin  No.  6.  Holding  Power  of  Railroad  Spikes,  by  Roy  I.  Webber. 
1906. 

Bulletin  No.  7.  Fuel  Tests  with  Illinois  Coals,  by  L.  P.  Breckenridge, 
S.  W.  Parr  and  Henry  B.  Dirks.     1906. 

Bulletin  No.  8.  Tests  of  Concrete:  I.  Shear;  II.  Bond,  by  Arthur  N. 
Talbot.    1906.    (Out  of  print). 

Bulletin  No.  9.  An  Extension  of  the  Dewey  Decimal  System  of  Class- 
ification Applied  to  the  Engineering  Industries,  by  L.  P.  Breckenridge  and 
G.  A^  Goodenough.    1906. 

Bulletin  No.  10.  Tests  of  Plain  and  Reinforced  Concrete  Columns, 
Series  of  1906,  by  Arthur  N.  Talbot,    1907. 

Bulletin  No.  11.  The  Effect  of  Scale  on  the  Transmission  of  Heat 
through  Locomotive  Boiler  Tubes,  by  Edward  C.  Schmidt  and  John  M. 
Snodgrass.    1907. 

Bulletin  No.  12.  Tests  of  Reinforced  Concrete  T-Beams,  Series  of 
1906,  by  Arthur  iNT.  Talbot.    1907. 

Bulletin  No.  13.  An  Extension  of  the  Dewey  Decimal  System  of  Class- 
ification Applied  to  Architecture  and  Building,  by  N.  Clifford  Ricker.  1907. 

Bulletin  No.  U-  Tests  of  Reinforced  Concrete  Beams,  Series  of  1906, 
by  Arthur  N.  Talbot.    1907. 

Bulletin  No.  15.  How  to  Burn  Illinois  Coal  without  Smoke,  by  L.  P. 
Breckenridge.  1907. 

Bulletin  No.  16.    A  Study  of  Roof  Trusses,  by  N.  Clifford  Ricker.  1907. 

Bulletin  No.  17.  The  Weathering  of  Coal,  by  S.  W.  Parr  and  N.  D. 
Hamilton.     1907. 

Bulletin  No.  IS.  Stresses  in  Chain  Links,  byG.  A.  Goodenough.  1907. 
(In  press). 

Bulletin  No.  19.  Comparative  Tests  of  Carbon,  Metallized  Carbon  and 
Tantalum  Filament  Lamps,  by  Thomas  H.  Amrine.    1907. 


UNIVERSITY     OF     ILLINOIS     BULLETIN 

Vol.  V.  SEPTEMBER  2,  1907  No.  I 

[Entered  Feb.  14,  1902,  at  Urbana,  Illinois,  as  second-class  matter  under  Act  of  Congress 
July  16, 1894] 


BULLETIN    NO.  18 


THE  STRENGTH  OF  CHAIN  LINKS 


BY 
G.  A.  GOODENOUGH 

AND 

L.  E.  MOORE 


UNIVERSITY   OF  ILLINOIS 
ENGINEERING  EXPERIMENT   STATION 


URBANA,  ILLINOIS 

PUBLISHED  BY  THE  UNIVERSITY 


university  of  illinois 
Engineering  Experiment  Station 

Bulletin  No.   18  September  1907 

THE    STRENGTH    OF    CHAIN    LINKS 

By  G.  A.   Goodenough1,  Associate  Professor  of  Mechanical    Engineering,  University 
of  Illinois  and  L.  E.  Moore,  Assistant  Professor  of  Civil  Engineering, 
Massachusetts  Institute   of    Technology,  formerly  Associate 
in  Theoretical  and  Applied  Mechanics,  Univer- 
sity of  Illinois. 

The  chain  is  one  of  the  most  familiar  as  well  as  one  of  the  most  use- 
ful of  mechanical  devices.  It  is  universally  employed  in  hoisting 
and  transmission,  and  for  attaching  and  securing  movable  bodies,  as, 
for  example,  in  anchoring  ships.  As  a  rule,  a  chain  is  subjected  to 
heavy  loads  and  must  transmit  large  forces,  and  upon  its  ability  to 
withstand  the  stresses  to  which  it  is  subjected  by  its  loading  may 
depend  the  success  of  a  great  mechanical  operation,  or  even  the 
safety  of  lives. 

In  view  of  these  facts,  it  is  surprising  that  the  chain  has  received 
scant  attention  from  investigators  in  the  field  of  elasticity  and 
strength  of  materials.  Aside  from  two  or  three  scattered  memoirs, 
the  theory  of  the  stresses  in  chain  links  has  been  untouched.  Experi- 
ments have  been  made,  it  is  true,  but  these  have  been  for  the  pur- 
pose of  determining  the  ultimate  strength  of  the  chain,  not  for  the 
purpose  of  testing  a  theory.  Formulas  for  the  loading  of  chains  have 
been  based  upon  the  ultimate  strength  of  the  chain  when  tested  to 
destruction  and  are  thus  purely  empirical.  No  attempt  seems  to 
have  been  made  to  place  such  formulas  on  a  rational  basis  supported 
by  theory.  It  may  be  urged  that  the  present  empirical  rules  are 
satisfactory,  inasmuch  as  they  lead  to  satisfactory  results.  As  a 
matter  of  fact,  the  results  are  not  satisfactory;  chains  break,  often 
with  disastrous  consequences,  and  the  only  reason  that  more  do  not 

1  For  the  theoretical  analyses  contained  in  the  appendices  and  for  the  dis- 
cussion of  the  experimental  results  Professor  Goodenough  is  responsible.  The 
experimental  work  was  conducted  under  the  direction  and  supervision  of  Pro- 
fessor Moore,  and  he  is  responsible  for  the  methods  employed  in  making  the 
tests  and  for  the  accuracy  of  the  experimental  results. 
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break  is  that  a  chain  is  seldom  subjected  to  its  rated  load.  Further 
arguments  to  show  the  importance  of  a  rational  analysis  seem 
hardly  necessary. 

In  undertaking  the  work  described  in  this  paper,  three  things 
were  held  in  view. 

(1)  The  development  of  the  theory  of  the  stresses  induced  in  chain 
links  with  given  conditions  as  regards  loading. 

(2)  Experimental  tests  of  the  validity  of  the  theory  employed  and 
also  of  the  validity  of  the  assumptions  made  as  to  the  distribution 
of  pressure  between  adjacent  links. 

(3)  The  deduction  from  theoretical  considerations  alone  of  rational 
formulas  for  the  loading  of  chains. 

The  beginning  of  this  work  elates  back  to  1900,  when  the  analytical 
investigations  were  largely  worked  out.  In  1906,  Mr.  R.  M.  Evans 
of  the  class  of  1906  undertook  the  experimental  verification  of  the 
theory,  and  presented  in  his  graduating  thesis  certain  of  the  results 
contained  herein.  The  following  year  the  experimental  work  was  con- 
tinued by  Messrs.  M.  L.  Millspaugh  and  R.  L.  Baker.  The  data 
obtained  have  been  worked  over  carefully,  all  calculations  have  been 
repeatedly  checked,  and  it  is  believed  that  the  results  derived  are 
worthy  of  confidence,  whatever  may  be  the  conclusions  that  are 
drawn  from  them. 

Method  of  Analysis 

The  analytical  investigation  was  first  suggested  by  Bach's  analysis 
of  the  stresses  in  a  hollow  cylindrical  roller.1  It  seemed  evident  that 
the  general  method  there  used  could  be  employed  to  determine  the 
stresses  in  links  with  circular  or  elliptical  center  lines.  The  funda- 
mental equations  may  be  found  in  Bach's  work,  but  for  the  sake  of 
completeness  they  are  given  in  condensed  form  in  this  paper.  (See 
Appendix  A.)  Grashof 2  gives  an  analysis  using  the  same  funda- 
mental equations,  but  owing  to  untenable  assumptions,  the  analysis 
gives  results  wide  of  the  truth.  The  only  other  analysis  is  that 
made  by  Winkler  in  a  memoir  published  in  Der  Civilingenieur.3    A 

1  Bach,  ElasticitcU  und  Festigkeit,  p.  458. 
:  Grashof,  Elasticitai  und  Festigkeit,  Sec.  178-180,  pp.  273-277. 
Formandering  und  Festigkeit  Gekrummter  Korper  in  besondcre  der  ringe.    Der 
Civilingenieur,  Bd.  IV;  S.  232-246. 
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discussion  of  this  memoir  in  which  some  of  the  results  have  been 
corrected  is  given  by  Professor  Karl  Pearson.1  To  show  Pearson's 
estimate  of  Winkler's  work  the  following  paragraphs  from  the 
introduction  of  the  discussion  are  quoted: 

"This  is  an  important  memoir  both  from  the  theoretical  and 
practical  standpoint ;  although  many  of  its  results  require  correction 
and  modification.  Some  of  these  corrections  have  been  made  in 
Kapitel  XL  (Ringformige  Korper)  of  the  author's  well  known  treatise: 
Die  Lehre  von  der  Elasticitat  und  Festigkeit,  Prag,  1867,  but  this 
treatise  does  not  cover  anything  like  the  same  area  as  the  memoir. 
I  propose  therefore  to  indicate  the  correct  analysis  and  compare  its 
results  with  those  of  Winkler. 

"The  importance  of  the  subject  will  be  sufficiently  grasped  when 
I  remind  the  reader  that  it  is  the  only  existing  theory  of  the  strength 
of  the  links  of  chains.  To  investigate  the  strength  of  such  links  by 
the  complete  theory  of  elasticity  would  involve  even  for  the  case  of 
anchor  rings  an  appalling  investigation  in  toroidal  and  allied  functions; 
while  for  the  oval  chain  links  with  studs  in  ordinary  use,  any  suc- 
cessful attempt  at  a  general  investigation  seems  inconceivable.  We 
shall  have  the  less  hesitation,  however,  in  applying  the  Bernoulli- 
Eulerian  theory,  if  we  remember  how  close  an  approximation  Saint- 
Venant's  researches  on  flexure  have  shown  it  to  be  in  the  case  of 
straight  bars.  At  the  same  time  we  are  certainly  going  to  put  it  to 
the  very  limit  of  its  application,  namely,  to  curved  bars  in  which  the 
dimensions  of  the  cross  sections  are  not  very  small  as  compared  with 
either  the  length  or  the  radius  of  curvature  of  the  central  axis."  .  .  . 

"Remembering  that  we  need  not  assume  adjacent  cross  sections  of 
our  link  to  remain  undistorted,  if  we  only  suppose  them  to  be  approxi- 
mately equally  distorted,  we  can  easily  investigate  an  expression  for 
the  stretch  at  any  point  by  a  method  akin  to  that  which  results  from 
the  Bernoulli-Eulerian  theory." 

The  method  here  referred  to  is  that  given  by  Bach  and  Grashof  for 
the  analysis  of  bars  with  curved  axes.  An  outline  of  it,  as  already 
stated,  is  given  in  Appendix  A. 

While  the  method  employed  in  the  investigations  herein  described 

1  Todhunter  and  Pearson,  History  of  the  Elasticity  and  Strength  of  Materials. 
Vol.  II,  Part  I,  p.  423  et  seq. 
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is  essentially  the  same  as  that  of  Winkler  and  Pearson,  there  are  one 
or  two  important  points  of  difference  in  the  assumptions  made. 
Professor  Pearson  considers  only  two  cases,  the  link  with  elliptical 
center  line,  and  the  link  made  up  of  two  circular  arcs  and  two  straight 
lines.  The  analysis  here  given  is  extended  to  links  of  four  and  six 
circular  arcs  so  as  to  approximate  as  closely  as  possible  to  the  forms 
actually  occurring;  it  is  also  extended  to  links  with  studs.  Further- 
more, it  appears  that  in  all  cases  Winkler  assumed  the  pressure 
between  adjacent  links  to  be  concentrated  at  a  point  at  the  end  of 
the  link.  The  present  analysis  assumes  a  distribution  of  pressure 
over  a  definite  area.  As  will  be  shown  later, 
this  question  of  distribution  has  an  important 
bearing  upon  the  results  obtained. 

The  complete  analysis  of  the  open  link  is 
given  in  Appendix  B.  The  following  is  merely 
a  brief  outline  of  the  method  of  attacking 
the  problem.  Consider  one  quadrant  of  the 
link  as  shown  in  Fig.  1.  Denoting  by  2  Q  the 
load  on  the  link,  the  section  at  A  lying  along 
the  minor  axis  will  be  subjected  to  a  normal 
force  Q.  There  will  also  be  at  tlii-  -ret ion  a 
bending  moment  M,  which  can  be  determined 
from  the  conditions  of  the  problem.  Now 
assume  any  other  normal  section,  as  C,  and 
consider  the  part  of  the  link  between  sections  A  and  C  a  free  body. 
At  C  let  two  forces,  each  equal  to  Q  but  opposite  in  sense,  be  added 
to  the  system.  One  of  these  forces  with  the  force  Q  at  section  .4 
forms  a  couple  whose  moment  is  Qh;  the  other  force  is  resolved  into 
components,  one  Q  cos  <j>  along  the  section,  the  other  Q  sin  cj>  normal 
to  the  section.  The  component  Q  cos  cf>  produces  shearing  stress  and 
is  neglected  in  the  subsequent  discussion.  At  the  section  C  we 
have  therefore: 

a  normal  force,     P  =  Q  sin  </>; 
a  bending  moment,  Mb  =  Qh  +  M. 


Fig.  1. 


The   unknown   moment    M   is   now   found    from   considerations   ex- 
plained in  the  analysis;  and  with  P  and  Mb  fully  known,  the  intensity 
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of  stress  at  any  fiber  is  readily  determined  from  the  fundamental 
equation  (C),  Appendix  A.     It  may  be  noted  that  instead  of  (C),  the  * 
usual    formula 

S  =  f  +  M*. 
/        / 

may  be  used,  though  the  results  may  not  be  quite  exact. 

Pressure  Between  Adjacent  Links 

At  the  very  beginning  of  the  analysis  arises  a  question  as  to  the 
way  in  which  the  pressure  between  adjacent  links  is  distributed. 
The  analysis  is  somewhat  simplified  by  assuming  that  two  links  have 
contact  at  one  point  only  and  that  in  consequence  the  pressure  between 
them  is  concentrated  at  this  point.  [See  Fig.  2(a)].  As  a  matter 
of  fact,  however,  the  links  after  a  little  wear  have  contact  over  a  con- 


Fig.  2. 

siderable  surface  and  the  pressure  between  them  must  be  distributed 
in  some  way  or  other  over  this  surface. 

Referring  to  Fig.  2(b),  suppose  that  contact  exists  over  the  arc 
EE,  which  subtends  the  angle  2a  at  the  center  0.  Though  the 
parts  of  the  link  in  contact  are  curved,  the  action  of  one  link  on 
another  may  be  likened  to  that  of  a  journal  and  bearing.  We  may 
assume  (1)  that  the  pressure  is  uniformly  distributed  along  the  arc 
EE,  or  if  we  make  use  of  the  more  exact  analysis  of  journal  and  bear- 
ing, we  may  assume  (2)  that  the  intensity  is  greatest  at  H  and 
decreases  towards  E,  being  at  any  point  proportional  to  the  cosine  of 
the  angle  made  with  the  axis  XX.  Because  angle  a  is  small,  the 
second  assumption  changes  but  little  the  results  obtained  by  using 
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the  first;  hence  we  shall  consider  only  the  assumption  of  uniform 
•  distribution. 

A  third  possible  distribution  is  represented  in  Fig.  2(c).  Under 
heavy  load  the  link  suffers  a  considerable  distortion  and  the  sides  e 
and  /  approach  each  other.  Now  if  the  distributed  pressure  along 
EE,  Fig.  2(b),  were  in  the  nature  of  a  fluid  pressure  so  that  the 
points  of  application  of  the  forces  could  move  as  the  points  EE  moved, 
the  law  of  distribution  would  be  unchanged  by  the  distortion  of  the 
link.  But  the  part  m  of  the  adjacent  link  lying  between  the  sides  e 
and  /  is  practically  unyielding;  hence  when  e  and  /  approach  each 
other  the  part  m  is  pinched  and  there  ensues  a  new  distribution  of 
pressure.  Evidently  the  result  of  this  pinching  action  is  to  increase 
the  intensity  of  pressure  near  E,  E  and  to  decrease  it  at  H.  We 
cannot,  of  course,  know  the  precise  effect  of  the  action  just  described. 
For  the  sake  of  comparison  with  the  other  cases,  we  may  assume, 
however,  that  the  effect  is  equivalent  to  concentrating  the  pressure 
at  the  two  points  E,  E. 

In  the  subsequent  analysis  we  shall  make  the  three  assumptions 
just  stated,  namely: 

(1)  Pressure  concentrated  at  single  point  H,  Fig.  2(a). 

(2)  Pressure  uniformly  distributed  over  arc  EE,  Fig.  2(b). 

(3)  Pressure  concentrated  at  points  E,  E,  Fig.  2(c). 

As  a  matter  of  interest,  we  may  in  passing  call  attention  to  Gras- 
hoPs  analysis.  The  links  are  supposed  to  be  in  contact  along  an 
arc  EE  subtending  the  angle  2a,  as  in  Fig.  2(c).  It  is  then  assumed 
that  the  part  of  the  link  lying  between  the  sections  E,  E  takes  no  part 
in  the  straining  action,  but  acts  as  a  rigid  base  or  foundation  to  which 
are  attached  the  sides  e  and  /.  As  will  be  shown  later,  this  neglected 
part  of  the  link  plays  a  most  important  role,  and  Grashof's  assump- 
tion is  anything  but  justified. 

Experimental  Verification  of  Analysis 

Referring  to  Fig.  1,  OA  and  OB  denote  respectively  the  semi- 
minor  and  semi-major  axes  of  the  link.  Under  a  load  these  axes 
change,  OA  becomes  shorter  and  OB  longer,  and  these  changes  can 
be  measured  with  reasonable  accuracy.     Now  the  theoretical  analysis 
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here  employed  furnishes  a  means  of  calculating  the  change  of  position 
of  any  point,  as,  for  example,  the  point  A,  on  the  center  line  of  the 
link.  Thus  for  a  given  load,  the  new  position  A'  to  which  A  will 
move  can  be  found.  Evidently  the  component  of  AAf  in  the  direc- 
tion of  AO  is  the  change  in  OA,  that  is,  one-half  the  change  in  the 
length  of  the  minor  axis;  likewise,  the  component  of  A  A'  in  the  direc- 
tion of  OB  is  one-half  the  change  in  the  major  axis. 

We  have  here  a  means  of  verifying  theory  by  experiment.    The 
changes  of  length  of  the  axes  of  the  link  for  given  loads  can  be  cal- 


Fig.  3. — Dredge  Chain. 


Dimensions. 

d=  1.000  in. 

6  =  1.178  in. 

i  =  1.161  in. 

r.,  =  1.173  in. 

a  =  21° 

a  =  1.875  in. 

h  =  1.240  in. 

e  =  0.000  in. 

r3  =  5.000  in. 

/3  =  79°15' 

culated  from  purely  theoretical  considerations.  The  actual  changes 
for  those  loads  can  be  measured.  A  comparison  of  the  calculated  and 
actual  values  of  the  changes  of  length  affords  therefore  a  delicate 
test  of  the  theoretical  analysis. 

Because  of  the  doubt  regarding  the  distribution  of  pressure  between 
adjacent  links  it  was  considered  advisable  to  use  circular  rings  of 
rectangular  cross  section.  With  these  rings  a  true  knife-edge  bear- 
ing was  possible,  and  the  general  theory  (Appendix  A)  could  be  tested 
without  danger  of  introducing  unknown  factors  resulting  from  the 
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pressure  distribution.  The  experiments  on  the  rings  are  to  be  con- 
sidered, therefore,  as  more  reliable  than  the  link  tests  in  establish- 
ing the  truth  or  falsity  of  the  analysis.  The  tests  of  the  actual  chain 
links  are,  however,  valuable  in  two  ways:  (1)  They  may  be  used  to 


d     I.OOin. 
a     2.00  in. 


Fig.  4. —Conveyor  Ch\ 


ft  =1.23  in. 
/>  =  1.40  ill. 


Dimensions. 

t  =  1  .'294  in. 
i      UiOOin. 


1.340  in. 

5.(>00  iii. 


-7^°53' 


establish  more  firmly  the  analysis  when  applied  to  oval  links;  (2) 
Assuming  that  the  ring  experiments  sufficiently  establish  the  analysis, 
the  link  experiments  may  be  used  to  test  the  assumptions  made  as  to 
the  distribution  between  adjacent  links. 
As  already  stated,  the  experiments  wore  extended  over  a  period  of 
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two  years  and  were  performed  as  thesis  work  in  the  Laboratory  of 
Applied  Mechanics  of  the  University  of  Illinois  by  senior  students  in 
the  College  of  Engineering.  The  experiments  of  the  first  year  (1906) 
made  by  R.  M.  Evans  were  wholly  on  chain  links.  Those  of  the 
second  year  (1907)  made  by  Messrs.  Baker  and  Millspaugh  were 
partly  on  heavy  chain  links  and  partly  on  finished  steel  rings.  These 
three  men  deserve  great  credit  for  the  amount  and  the  character  of 


Fig.  5,  —  Proof  Coil  Chain. 


rf=1.00    in. 
a  =  1.625  in. 


6=1.214  in. 
&=  1.364  in. 


Dimensions. 
i  =  1.316  in. 
e  =  0.500  in. 


=  1.35  in. 
=  5.00  in. 


=  25°18|' 
=  85°9' 


the  work  done  and  for  their  untiring  efforts  to  do  the  work  as  well 
and  accurately  as  possible. 

It  has  not  seemed  necessary  or  desirable  to  differentiate  in  these 
pages  between  the  tests  made  in  the  different  years,  as  the  objects 
of  the  tests  and  methods  used  were  the  same.  The  chain  links  tested 
were  ordinary  commercial  links  bought  in  the  market.  The  test 
pieces  for  determining  the  modulus  of  elasticity  of  the  material  were 
ordered  cut  from  the  same  bar  from  which  the  chains  were  made. 
The  links  with  dimensions  are  shown  in  Fig.  3,  4,  5  and  6.  In  making 
the  tests  a  short  piece  of  chain,  consisting  of  either  three  or  five  links, 
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five  links  being  used  whenever  the  dimensions  of  the  machine  would 
permit,  was  held  in  the  jaws  of  the  testing  machine  by  a  clevis  at 
each  end.  These  clevises  were  flattened  to  afford  a  better  grip  for 
the  jaws  of  the  machine.    This  is  illustrated  in  Fig.  7.    Deformations 


Fig.  6.  —  Two-Inch  Dredge  Chain. 


rf=2in. 
a  =  3.125  in. 


6  =  2.214  in. 
A  =  2.42    in. 


Dimensions. 
t  =  2.305  in. 
6  =  0.7  in. 


r2  =  2.333  in.  a  =  24°0' 

r«  =  6.25    in.  /3  =  77  ;>4J' 


were  measured  by  micrometers  reading  directly  to  .001  inch,  and  by 
interpolation  to  .0001  inch. 

A  micrometer  having  a  "rachet  contact"  which  insured  practi- 
cally the  same  pressure  on  the  points  in  all  measurements  was  used 
for  measuring  the  deformations  of  the  transverse  or  minor  axis.  To 
insure  measuring  between  the  same  points  each  time  small  brass 
buttons  were  soldered  to  all  the  links  except  the  2-in.  dredge  chain 
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Fig.  7. 
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link  at  the  ends  of  the  minor  axis.  The  measurements  were  taken 
over  these  buttons.  On  the  dredge  chain  a  small  spot  was  polished 
on  the  link  itself  at  each  end  of  the  axis.  The  longitudinal  deforma- 
tions were  taken  between  brass  contact  points  screwed  to  the  inside 

of  two  transverse  bars  of  f-in.  square 
iron.  One  of  these  bars  was  soldered 
to  the  link  at  each  end  of  the  long 
diameter  or  major  axis.  The  distance 
between  the  contact  points  was  then 
readily  measured  by  means  of  an  inside 
micrometer.  An  electric  bell  and 
battery  were  used  in  this  connection, 
the  bell  ringing  as  soon  as  contact 
was  established  between  the  points. 
This  device  is  shown  in  Fig.  8  and  9. 
The  dimensions  of  the  rings  were  12 
in.  outside  and  9  in.  inside  diameter 
by  1  in.  thick,  as  shown  in  Fig.  10. 
Two  of  these  rings  were  cast  steel  and 
the  third  was  wrought  steel  with  a  per- 
fect weld.  The  rings  were  finished  all 
over  in  a  lathe.  The  method  of  hold- 
ing the  rings  in  the  machine  and 
applying  the  load  is  clearly  shown  in 
Fig.  11  and  12.  The  load  was  applied 
to  the  ring  through  knife  edges.  This 
was  done  to  remove  the  uncertainty  as 
to  the  distribution  of  pressure  between 
the  links.  By  referring  to  Fig.  11  and 
12  it  will  be  noted  that  the  method  of 
loading  the  rings  gives  flexibility  in 
all  directions  and  prevents  any  eccentricity  of  loading. 

The  moduli  of  elasticity  of  the  different  materials  were  deter- 
mined from  lest  specimens  cut,  except  in  the  case  of  the  east  steel 
rings,  from  the  same  bars  from  which  the  chains  and  ring  were  made. 
The  modulus  of  elasticity  of  the  cast  steel  was  determined  from  test 
pieces  poured  from  the  same  heat  as  the  rings. 


Fig.  s. 
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The  plan  followed  in  testing  was  to  increase  the  load  by  such  nearly 
equal  increments  that  from  fifteen  to  twenty  readings  would  have  been 
obtained  when  the  estimated  elastic  limit  was  reached.  In  testing  the 
links  the  load  was  increased  to  a  point  just  beyond  the  elastic  limit, 
which  was  indicated  by  the  change  in  the  increment  of  the  defor- 
mation. The  links  were  allowed  to  rest  at  least  twenty-four  hours 
and  the  second  test  was  then  run  up  to  the  same  maximum  load 
as  in  the  first  case,  no  attention  being  paid  to  the  possible  raising  of 


"^_ 


_^_ 


Fig.  9. 


Fig.  10. 


the  elastic  limit  by  this  treatment.  It  may  be  readily  seen  that  the 
exact  elastic  limit  is  of  little  importance  in  this  work  compared  to  the 
modulus  of  elasticity.  So  long  as  the  material  was  not  injured  to 
such  an  extent  as  to  render  values  of  the  modulus  of  elasticity 
doubtful,  the  slight  exceeding  of  the  elastic  limit  was  of  no  con- 
sequence. In  testing  the  rings  care  was  taken  not  to  exceed  the 
elastic  limit. 

In  all  cases  save  one,  two  tests  of  each  specimen  will  be  found 
recorded,  and  called  the  "first  test"  and  the  "second  test"  respec- 


14  ILLINOIS  ENGINEERING  EXPERIMENT  STATION 


Fig.  11. 
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Fig.  12. 
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lively.  These  were  not  the  only  tests  run.  In  some  cases  it  was  found 
desirable  to  run  one  or  two  preliminary  tests  to  accustom  the  students 
to  taking  their  observations  and  to  get  an  idea  of  the  behavior  of  the 
piece  under  load. 

Results 

The  results  of  the  tests  are  given  in  tabular  form  on  pages  37^4. 
Tables  6  to  11  inclusive  apply  to  the  tests  of  the  circular  rings;  tables 
12  to  18  to  the  tests  of  the  four  chain  links  shown  in  Fig.  3,  4,  5  and 
6.  The  headings  of  the  various  columns  render  detailed  explanation 
of  the  tables  unnecessary. 

The  tabular  values  plotted  to  scale  are  shown  in  Fig.  13  to  25 
inclusive.  Fig.  13  to  18  show  the  results  obtained  from  the  circular 
rings;  Fig.  19  to  25  those  from  the  chain  links.  The  first  test  in  each 
case  is  denoted  by  a  small  circle  o,  the  second  test  by  a  filled  circle,  •  . 
For  the  sake  of  convenience  in  comparison,  the  two  tests  are  given 
in  the  same  figure,  but  for  distinctness,  different  origins  have  been 
used. 

It  is  to  be  emphasized  that  the  lines  appearing  in  these  figures  are 
in  all  cases  theoretical  lines  calculated  from  the  known  dimensions 
of  the  ring  or  link  and  from  the  modulus  of  elasticity  experimentally 
determined.  These  lines  in  fact  could  have  been  drawn  before  the 
deflection  tests  were  made. 


Discussion  of  Experimental  Results 

1.   Circular  Rings.     Table  1  gives  the  calculated  deformation  for 
the  three  circular  rings  tested. 

TABLE    1 
DEFLECTION    OF    CIRCULAR    RINGS 


Change  of  Length  of  Diameter  imt  1000-lb.  Load 

Vertical  Diameter 

Inches 

Horizontal  Diameter 
Inches 

No.  1 
No.  2 
No.  3 

.00286 
.00294 
. 00263 

.00247 
.00254 

.00228 
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Fig.  14. 


18  ILLINOIS  ENGINEERING  EXPERIMENT  STATION 

The  values  in  this  table  were  obtained  from  equations  (H')  Appen- 
dix C.    The  following  is  the  calculation  for  ring  No.  1 : 

Mean  radius  r  =  5.25  in. 
Area  of  cross  section  /  =  1.5605  sq.  in. 

Modulus  of  elasticity  (by  experiment),  26,200,000. 

z  =  .006887;  (See  Appendix  A). 
1 


z 
1 


=  145.197; 
=  .99315 


1  +z 
Substituting  in  formulas  (H'),  p.  65, 

*--us&?sl,fgaa-«#  -  ™* 

As  is  evident  from  (H'),  the  curve  giving  the  relation  between  the 
change  of  length  of  the  axis  and  the  applied  load  is  a  straight  line 
through  the  origin.  The  value  in  the  table  gives  the  slope  of  this 
line.  In  Fig.  13  to  18  these  lines  have  been  drawn  through  the  plotted 
points,  and  a  comparison  may  be  made  between  the  line  determined 
by  calculation  based  on  analysis  and  the  points  found  by  experiment. 

The  lines  representing  the  mean  of  the  experimental  values  will 
not,  in  general,  pass  through  the  origin,  because  of  unavoidable 
errors  at  the  beginning  of  the  test.  Hence  the  theoretical  lines  are 
not  drawn  through  the  origin,  but  are  drawn  with  the  proper  slope 
in  such  a  position  as  to  permit  the  comparison  to  be  made  most 
easily.  This  course  is  entirely  justified  by  the  fact  that  the  slope  of 
the  line,  rather  than  its  absolute  position,  is  the  important  factor. 

In  ring  No.  1,  it  will  be  seen  that  the  agreement  is  remarkable; 
in  fact,  the  calculated  line  is  about  as  near  the  mean  line  of  the 
points  as  could  be  drawn,  It  will  be  noticed  that  the  points  of 
the  second  test  lie  a  little  more  regular  in  all  cases  than  those  of  the 
first  test. 
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In  ring  No.  2,  the  agreement  is  not  quite  so  close  as  in  No.  1,  but 
still  is  fairly  satisfactory.  In  the  case  of  ring  No.  3,  vertical  axis, 
the  agreement  is  good,  and  it  is  also  good  in  the  second  test  for  the 
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horizontal  diameter.  In  the  first  test  the  slope  of  the  actual  line 
seems  slightly  less  than  that  of  the  calculated  lines.  It  is  possible 
that  the  modulus  of  elasticity  as  determined  for  rings  1  and  2  is  a 
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little  low.    A  higher  value  would  make  the  theoretical  lines  slightly 
steeper. 
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Fig.  22. 


The  experiments  on  the  rings,  on  t ho  whole,  seem  to  confirm  in  a 
satisfactory    manner   the   theoretical    analysis.     We   may  therefore 
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conclude  that  the  fundamental  equations  employed  will  give  very 
closely  the  true  stresses  in  rings,  and  that  if  proper  assumptions 
regarding  the  distribution  of  pressure  between  links  be  made,  the 
same  equations  will  give  the  stresses  in  chain  links.  Assuming, 
therefore,  the  correctness  of  the  analysis,  we  may  use  the  results  of 
the  experiments  on  the  links  to  throw  some  light  on  the  question  of 
distribution  of  pressure. 

2.  Chain  Links.  Fig.  19  and  20  show  the  experiments  on  the 
link  shown  in  Fig.  3.  In  this,  as  in  all  the  chain  links,  three  calcu- 
lations for  the  change  of  length  of  the  axis  were  made.  These  corre- 
spond to  the  three  assumptions  as  to  the  pressure  noted  in  a  previous 
section.  See  p.  6  and  Fig.  2(a),  (b),  (c).  The  line  of  least  inclina- 
tion, indicated  thus ,  corresponds  to  case  (a),  concentra- 
tion at  the  end  of  the  link;  the  intermediate  full  line  corresponds 
to  case  (b),  distributed  pressure;  while  the  line  of  greatest  slope, 
indicated  thus  — •  —  —  — ,  corresponds  to  case  (c),  concentration  at 
two  points  due  to  the  possible  wedging  action.  If  we  direct  our 
attention  to  the  second  test,  Fig.  19,  we  observe  that  the  experi- 
mental points  lie  well  within  the  region  of  these  three  lines;  the  same 
may  be  said  of  the  test  showing  the  change  of  length  of  the  minor 
axis,  Fig.  20. 

In  Fig.  21  and  22  are  shown  the  experiments  upon  the  long  link 
of  the  conveyor  chain,  Fig.  4.  The  coincidence  between  the  points 
of  the  second  test  and  the  theoretical"  line,  Fig.  22,  is  striking.  This 
test  is  perhaps  of  more  weight  than  any  other  of  the  link  tests  because 
the  length  of  the  link  caused  large  deflections.  It  will  be  observed 
that  the  points  for  the  first  test  indicate  in  each  case  a  line  of  smaller 
slope  than  the  points  for  the  second  test.  This  fact  may  be  explained 
possibly  as  follows:  In  the  second  test  the  links  have  become  accommo- 
dated to  each  other,  so  to  speak,  and  the  action  is  more  nearly  that  of 
a  journal  and  bearing:  hence  condition  (b)  is  approximated  to  rather 
than  condition  (a). 

In  Fig.  23  is  shown  the  one  test  made  on  the  link  shown  in  Fig.  5. 
For  some  reason,  a  second  test  of  this  link  was  not  made.  The 
results  are  about  as  shown  for  the  other  links.  Probably  the  points 
for  the  second  test  would  have  followed  more  closely  the  theoretical 
lines,  as  in  the  other  cases. 
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The  experiments  upon  the  two-inch  link,  Fig.  6,  are  shown  in  Fig. 
24  and  25.  The  results  of  the  two  te^ts  are  practically  the  same,  and 
the  agreement  between  the  experimental  points  and  theoretical 
lines  is  satisfactory. 

The  theoretical  lines  shown  in  Fig.  19-25  were  obtained  by  cal- 
culation from  formulas  (J)  and  (K),  Appendix  C.  The  following 
table  gives  the  results  of  the  calculations  thus  made:  — 


TABLE   2 
BENDING    MOMENTS    AND    DEFLECTIONS    OF    CHAIN    LINKS 


Dredge  Link, 

Conveyor 

Proof  Coil 

Two-Inch 

Case 

Fig.  3 

Link,  Fig.  4 

Link,  Fig.  6 

Link,  Fig.  6 

Curves,  Fig. 

Curves,  Fig. 

Curves,  Fig. 

Curves,  Fig. 

19  and  20 

21  and  22 

23 

24  and  25 

Bending     Moment 

(a) 

-0.353  Qd 

-0.233  Qd 

-0.329  Qd 

-0.326  Qd 

Mat  End  of  Minor 

(b) 

-0.345    " 

-0.223    " 

-0.318    " 

-0.315   " 

Axis 

(c) 

-0.328    " 

-0.200    " 

-0.294    " 

-0.292   " 

Increase  of  Length 

(a) 

0.000324 

0.000475 

0.000364 

0  000144 

of  Major  Axis  per 

(b) 

0.000312 

0.000449 

0.000345 

0  000139 

1000  lb.  Load. 

(c) 

0.000289 

0.000394 

0.000312 

0.000121 

Decrease  of  Length 

(a) 

0.000353 

0.000628 

0.000404 

0.000133 

of  Minor  Axis  per 

(b) 

0.000345 

0.000583 

0.000384 

0.000126 

1000  lb.  Load. 

c) 

0.000328 

0.000478 

0.000341 

0.000111 

It  is  self-evident  that  the  results  obtained  from  the  rough  chain 
links  would  not  be  as  concordant  as  those  obtained  from  the  finished 
rings.  However,  a  comparison  of  the  experimental  values  with  the 
theoretical  lines,  Fig.  19  to  25,  indicates  that  the  theory  is  confirmed 
fairly  well.  The  links  tested  exhibited  some  variety  in  form  and  size; 
and  the  results  of  the  calculations  show  that  the  agreement  of  theory 
and  experiment  was  equally  good  whether  the  link  was  long  or  short, 
of  1-in.  or  2-in.  iron.  Tests  of  more  links  would  have  been  desirable 
if  sufficient  time  had  been  available.  It  may  be  stated  that  the 
computations  are  somewhat  ladorious  and  time-consuming.  It  is 
felt,  however,  that  these  four  tests  are  sufficient  to  establish  the 
validity  of  the  analysis  given  in  Appendix  B. 

[d  Pig.  22,  additional  lines  have  been  drawn  to  give  a  comparison 
i  .  the  theory  here  developed  with  other  theories.  If  we  adopt  the 
analysis  usually  given  in  our  text-books  for  hooks  and  eccentrically 
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loaded  bars,  in  other  words,  if  we  neglect  the  curvature  of  the  link, 
the  theoretical  line  for  the  deflection  of  the  minor  axis  is  the  line 
marked  "  ordinary  theory."  On  the  other  hand,  if  we  adopt  Gras- 
hof's  assumption  (see  page  6)  we  get  the  steep  line  marked  "Gras- 
hof's  theory." 

The  question  of  the  probable  distribution  of  pressure  between 
adjacent  links  is  not  definitely  settled.  In  most  cases  the  experi- 
mental points  follow  most  closely  the  line  corresponding  to  case  (a), 
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Fig.  23. 


concentration  at  the  end  of  the  link,  for  the  smaller  loads.  As  the 
load  is  increased,  however,  the  line  through  the  points  becomes  steeper 
and  its  slope  is  about  that  of  the  theoretical  line  for  case  (b),  dis- 
tributed pressure.  In  a  few  of  the  experiments  the  points  approached 
more  closely  the  line  for  case  (c).  It  is  probable  that  the  distri- 
bution depends  somewhat  upon  the  length  of  time  a  chain  has  been 
used.  After  the  links  have  been  fitted  to  each  other  and  have  worn 
slightly  so  as  to  make  a  bearing,  the  distribution  will  be  that  indicated 
by  a  line  lying  between  the  lines  for  cases  (a)  and  (b) .  In  this  con- 
nection we  may  repeat  the  observation  before  made  that  in  all  cases 
the  second  test  gave  a  line  of  greater  slope  than  the  first  test. 

By  reference  to  Table  2  it  will  be  seen  that  the  assumed  distribu- 
tion influences  in  some  measure  the  moment  M  at  the  end  of  the 
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minor  axis,  and  through  this  the  calculated  stresses  at  various  sections. 
The  variation  of  M  between  cases  (a)  and  (c)  is  about  7  per  cent 
for  the  dredge  link  and  14  per  cent  for  the  conveyor  link.     If  it  is 
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assumed  that  case  (b)  coincides  most  nearly  with  the  actual  dis- 
tribution, the  calculated  stresses,  taking  the  value  of  M  from  case  (b), 
are  not  likely  to  vary  more  than  3  or  4  per  cent   from  the  actual 


THE  STRENGTH  OF  CHAIN  LINKS 


27 


stresses  even  in  the  most  extreme  cases.  Hence,  in  the  subsequent 
calculations,  we  shall  assume  that  the  distribution  is  according  to 
case  (b). 

Distribution  of  Stresses  in  Links 

By  means  of  the  formulas  developed  in  the  Appendices,  the  inten- 
sity of  stress  can  be  calculated  at  any  point  of  any  cross  section  of 
the  link.  Thus  for  an  open  link,  the  moment  M  at  the  end  of  the 
short  axis  is  found  from  formula  (F),  and  from  this  the  moment  at 
any  other  section  is  readily  obtained.  Now  having  Mb  and  the  normal 
force  P  at  the  section  in  question,  the  stress  at  different  points  in  the 
section  is  found  by  using  different  values  of  y  in  formula  (C).  For 
the  outer  fiber  y  =  \&,  for  the  inner  fiber  y  =  —  %d,  at  the  axis  y  —  0, 
and  so  on. 

These  calculations  have  been  made  for  the  link  shown  in  Fig.  5, 
and  the  results  are  exhibited  in  the  following  table: 

TABLE   3 
DISTRIBUTION    OF    STRESS    IN    OPEN    LINK 


Normal  Force 

Moment 

Stress  at  Cen- 

Stress in  Outer 

Stress  in  Inner 

4> 

P 

Mb 

ter  of  Section 

Fiber 

Fiber 

2/=0 

y=  +  hd 

y=  —  \d 

0° 

0.225  Q 

+  0.671  Q 

+  0.896  Q/f 

+  4.012  Q/f 

-8.453  Q/f 

10° 

0.257 

+  0.639 

0.896 

+  3.863 

-8.006 

20° 

0.352 

+  0.544 

0.896 

+  3.420 

-6.677 

30° 

0.500 

+  0.371 

0.774 

+  2.785 

-3.601 

40° 

0.643 

+  0.178 

0.774 

+  1.739 

- 1 . 325 

50° 

0.766 

+  6.011 

0.774 

+  0.836 

+  0.640 

60° 

0.866 

-0.124 

0.774 

+  0.104 

+  2.234 

70° 

0.940 

-0.223 

0.808 

-0.504 

+  3.225 

80° 

0.985 

-0.284 

0.843 

-0.917 

+  3.777 

90° 

1.000 

-0.318 

0.936 

-1.366 

+  3.751 

End  of 

short 

axis 

1.000 

-0.318 

1.000 

-1.546 

+  3.546 

A  better  idea  of  the  distribution  of  stress  through  the  link  is  shown 
in  Fig.  26.     At  section  a,  lying  along  the  minor  axis,  the  inner  fiber  is 

subjected  to  a  tensile  stress  of  3.55  j  ,  while  the  outer  fiber  is  under  a 
compression  1.55  j .    At  section  6,  the  tensile  stress  at  the  inner  fiber 
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is  a  little  greater,  due  entirely  to  the  curvature  at  that  section,  and 
at  section  c  this  tensile  stress  is  still  greater  because  of  the  sharper 
cm  dture,  notwithstanding  the  fact  that  the  moment  Mb  is  smaller. 
From  here  on,  however,  the  tensile  stress  on  the  inside  of  the  line 
rapidly  decreases  and  reaches  zero  at  the  point  L.  At  section  e 
the  moment  Mb  changes  sign  by  passing  through  the  value  zero; 
hence  at  this  section  the  stress  is  uniformly  distributed  and  equal  to 

P 

—  .     From  L  to  C  the  minor  fiber  of  the  link  is  in  compression,  the 

intensity  of  the  compression  reaching  its  maximum  value  8.453  j 

at  the  point  C.  From  A  to  K  the  outer  fiber  of  the  link  is  com- 
pressed, but  from  K  to  D  it  is  in  tension,  the  maximum  intensity  of 

the  tension  reaching  the  value  4.012  -  at  the  point  D.    The  lines  HK 

and  LM  indicate  the  points  of  the  link  at  which  the  stress  is  zero. 

It  will  be  observed  that  there  are  two  points  of  maximum  tensile 
stress;  one  at  D,  the  other  at  E  on  the  inside  of  the  link.  The  com- 
pressive stress  in  the  outer  fibers  is  small;  but  at  the  point  C  it  is 
very  large. 

The  following  table  gives  the  stresses  in  the  same  link  when  pro- 
vided with  a  stud;  and  Fig.  27  shows  the  distribution  of  stress  in  such 
a  link. 

TABLE   4 
DISTRIBUTIOX    OF    STRESS  IX    STUD    LIXK 


* 

Normal  Force 
P 

Moment 
AT, 

Stress  ut  Axiv 
2/=0 

Stress  in  Outer 

Fiber 

tr=  +  i  d 

i  Inner 
Fiber 

V=-hd 

0° 

+  0.555  Q 

+  0.401  Q 

0.955  Q/f 

+  2.814  Q/f 

-  4 . 623  Q/f 

10° 

+  0.582 

+  0.373 

0.955 

+  2.689 

-4.246 

20° 

+  0.662 

+  0.293 

0.955 

+  2.314 

-3.123 

30° 

+  0.782 

+  0.152 

0.895 

+  1.722 

-0.905 

40° 

+  0.892 

+  0.003 

0.895 

+  0.913 

+  0.855 

50 

+  0.975 

-0.109 

0.895 

+  0.304 

+  2.180 

60° 

+  1.029 

-0.181 

0.895 

-0.089 

+  3.034 

70° 

+  1.051 

-0.211 

0.895 

-0.251 

+  3.216 

80° 

+  1.041 

-0.198 

0.S95 

—  0. 180 

+  3.186 

90° 

+  1.000 

-0.056 

0.989 

+  0.5S7 

+  1.480 

End  of 

short 

axia 

+  1.000 

+  0.107 

1.000 

+  1.858 

+  1.424 

Fig.  27. 
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It  will  be  observed  that  in  this  case  there  are  two  sections  at  which 
the  bending  moment  is  zero.  The  tensile  stress  reaches  a  maximum 
for  the  outer  fiber  at  D,  and  for  the  inner  fiber  at  about  the  point  E. 
The  compression  is  greatest  at  point  C,  but  is  only  a  little  over  one- 
half  that  at  C  in  the  case  of  the  open  link.  The  tensile  stresses  are 
also  somewhat  smaller  than  for  the  open  link. 

The  following  table  gives  the  maximum  tensile  stresses  (at  points 
D  and  E)  and  the  maximum  compressive  stress  (at  point  C)  for  each 
of  the  four  links  subjected  to  analysis. 


TABLE  5 
MAXIMUM    STRESSES 


Link 

Open  Link 

Stud  Link 

Tensile   Stress 

Compres- 
sive Stress 
at  C 

Tensile  Stress 

Compres- 
sive Stress 
at  C 

At  E 

At  D 

At  E 

At  D 

Dredge,  Fig.  3 
Proof  coil,  Fig.  5 
Two-inch,  Fig.  6 
Conveyor,  Fig.  4 

3.98  Q/f 
3.78 
3.72 
2.78 

3.66  Q/f 
4.01 
3.47 
4.17 

8.38  Q/f 
8.45 
7.94 
9.55 

3.18   Q/f 

3.22 

3.20 

2.81  Q/f 

2.56 

2.38 

4.62  Q/f 

4.02 

3.54 

A  study  of  the  results  presented  in  the  preceding  tables  leads  to 
some  interesting  conclusions : 

In  the  first  place,  it  may  be  observed  that  the  maximum  si  r 
for  the  different  links  are  not  widely  different.  The  first  three  links 
may  be  regarded  as  typical  of  the  forms  ordinarily  used  in  engineer- 
ing practice,  and  in  these  the  extreme  variation  in  the  maximum 
tensile  stress  is  a  little  more  than  7  per  cent.  It  is  also  worthy  of 
remark  that  the  tensile  stresses  at  the  two  points  D  and  E  are  nearly 
the  same.  In  some  eases  the  greater  stress  will  be  at  1),  in  others 
at  E. 

The  conveyor  link,  on  account  of  its  relatively  meat  length,  pre- 
sents an  exception.  As  shown  by  the  analysis,  the  increased  length 
of  the  side  makes  the  moment  M  at  the  middle  of  the  side  small: 
consequently  the  moment  at  the  end  of  the  link  is  large,  and  the 
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stress  at  D  is  considerably  greater  than  that  at  E.  It  may  be  con- 
cluded, therefore,  that  so  far  as  strength  is  concerned,  the  form  of  this 
link  is  not  favorable. 

The  effect  of  the  stud  upon  the  distribution  of  stress  is  easily  seen. 
The  maximum  tensile  stresses  are  reduced  about  20  per  cent ;  but  what 
is  more  essential,  the  heavy  compressive  stress  at  C  is  reduced  50 
per  cent  or  more.  We  conclude,  therefore,  that  provided  the 
stresses  are  kept  within  the  elastic  limit  of  the  material,  the  stud  is  of 
unquestioned  value. 

It  has  been  the  general  opinion  of  engineers  that  the  stud  link  chain 
is  stronger  than  the  open  link  chain;  however,  the  experiments  of 


Fig.  28. 


committee  D  of  the  United  States  board  appointed  to  test  iron,  steel 
and  other  metals  (see  Executive  Document  No.  98,  House  of  Repre- 
sentatives, Forty-fifth  Congress,  Second  Session),  seem  to  indicate 
that  the  stud  actually  weakens  the  chain,  causing  it  to  rupture  at  a 
load  lower  than  that  required  to  break  an  open  link  chain.  At  first 
sight  these  experiments  seem  to  disprove  the  results  given  in  the 
preceding  pages;  however,  in  this  case,  fact  and  theory  are  easily 
reconciled.  It  is  quite  easy  to  understand  that  while  the  stud  link 
is  much  stronger  than  the  open  link,  provided  the  elastic  limit  is  not 
reached,  the  former  may  rupture  with  a  smaller  load  than  the  latter. 
In  the  first  place,  the  collapse  of  the  sides  of  the  open  link  after  the 
elastic  limit  is  passed  decreases  the  effective  width  of  the  link,  and 
thus  decreases  the  bending  moments  and  stresses.     If  the  iron  of 
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which  the  link  is  constructed  is  ductile,  the  link  may  collapse  until  the 
sides  become  nearly  parallel,  and  the  stresses  are  lower  than  in  the 
stud  link,  the  sides  of  which  are  prevented  from  collapsing  by  the 
stud.  The  appearance  of  the  two  forms  of  link  under  heavy  load  will 
be  somewhat  as  shown  in  Fig.  28.  Thus  the  actual  distortion  of  the 
open  link  gives  it  a  form  of  greater  strength,  which  is  not  the  case 
with  the  stud  link. 

Near  the  load  producing  rupture  it  seems  likely,  therefore,  that  the 
stresses  in  the  open  link  are  less  than  those  in  the  stud  link  subjected 
to  the  same  load.  Within  the  elastic  limit,  however,  the  reverse  is 
true,  and  there  can  be  no  doubt  that  for  ordinary  working  loads  the 
chain  made  of  stud  links  is  materially  stronger  than  the  one  made  of 
open  links. 


Formulas  for  the  Loading  of  Chains 

Unwin,  Elements  of  Machine  Design,  Part  I,  p.  438,  gives  the 
following  formulas: 

P  =  9  <P ,  for  studded  link  chain; 

=  6  (P,  for  unstudded  close  link  chain. 

He  says  further:  "For  much  used  chain,  subject  frequently  to  the 
maximum  load,  it  is  better  to  limit  the  stress  to  3J  tons  per  sq.  in. 
Then 

P  =5<F." 

In  these  formulas,  P  denotes  the  load  in  tons,  and  d  the  diameter  in 

inches  of  the  iron  from  which  the  chain  is  made. 

Unwin  says  that  Towne  limits  the  loads  in  ordinary  crane  chains  to 

P  =  3.3  d\ 

but  quotes  the   following  table  from  Towne's   Treatise  on  Cranes. 


Diameter  of  Iron 

& 

* 

& 

A 

f 

A 

1 

A 

i 

H 

tf 

Load  on  chain  —  tons 

0.06 

0.25 

0.5 

0.75 

1 

1.5 

2 

2.5 

3 

4 

5 
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This  table  seems  to  be  obtained  from  the  formula 

P  =8d2. 

Weisbach  gives  the  formulas  (Kent's  Pocket  Book,  p.  339) 

P  =  17800  d\  stud  link, 
P  =  13350  d2,  open  link, 

where  P  denotes  the  load  in  pounds. 

Bach,    in   his   Maschinenelemente,    p.   513,  gives  for  chains   with 
open  links 

P  =  1000  d2  for  new  chains,  maximum  load  seldom  applied. 
P  =  800  o?  for  much  used  chain. 

P  and  d  are  taken  in  kilograms  and  centimeters,  respectively.    Using 
pounds  and  inches  as  the  units,  the  formulas  become 

P  =  13750  d2; 
P  =  11000  d2. 

For  a  stud-link  chain,  Bach  increases  the  safe  load  20  per  cent. 
If  we  write  the  formula  for  the  safe  load 

P  =  kd2, 

the  values  of  k  given  by  the  authorities  quoted  are  as  follows,  P  being 
taken  in  pounds: 


Open  Link 

Stud  Link 

Unwin 

(  13,440 
I  11,200 
13,350 
(  13,750 
1  11,000 

20,160 

Weisbach 

Bach 

17,800 
{  16,500 
I  13,200 

Referring  to  Table  5,  we  note  that  with  links  of  the  ordinary  form 
the  maximum  tensile  stresses  are  about  as  follows: 


for  open  links,  4 
for  stud  links,  3.2 


3 

r 

9, 

f ' 


(i) 
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Of  course  these  values  will  vary  slightly  with  the  form  of  the  link; 
thus  the  conveyor  link  on  account  of  its  extreme  length  shows  a 

maximum  tensile  stress  of  4.17  -7.   In  general,  however,  the  value  4  — 

cannot  be  very  far  from  the  truth  for  an  open  link  of  usual  dimensions. 
Denoting  the  load  on  the  chain  by  P,  and  the  maximum  per- 
missible unit  stress  by  S,  we  have,  since  P  =  2  Q, 


(2) 


[or  open  links, 

«      4Q      2P. 

8wmJmml9 

for  stud  links, 

s  -^*9    L6P 

Now  taking  /  =  -  ~fp,  we  readilv  obtain 
4 


for  open  links, 
for  stud  links, 


1 


t:<PS,  say0.4  d?S ; 


6.4  J 


(3) 


Comparing  these  equations  with  the  equation 
P  =  fop, 


we  see  that 


and 


k  =  0.4  S,     for  open  links,  j 
k  =  0.5  S,     for  stud  links. 


(4) 


Now  using  the  values  of  k  just  given,  we  obtain  the  following  values 
of  aS  when  we  use  the  formulas  ordinarily  given. 


Oi>en  link 

Sti ul  Link 

1  iiwin 

Weisbach 

Bach 

\  33,600 
{  28,000 
33.375 
j  34,375 
(  27,500 

40.320 

35.600 

J  33,000 

1  26,400 

It  will  probably  be  agreed  thai  these  values  are  considerably  in 
excess  of  the  values  usually  regarded  as  permissible  in  machine  con- 
struction. 
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So  far,  we  have  considered  only  the  tensile  stresses.  Referring  to 
Table  5  it  is  seen  that  the  compression  at  the  end  of  the  link  is  more 
than  double  the  maximum  tensile  stress;  hence  when  a  chain  has  its 
full  load,  if  the  maximum  tensile  stress  is  30,000  lb.,  as  indicated 
by  the  constants  above,  the  compressive  stress  at  the  end  is  some- 
thing over  60,000  lb.  It  is  probable  that  when  the  maximum  load 
is  applied,  the  pinching  action  heretofore  described  reduces  to  a  con- 
siderable degree  this  excessive  compression.  Furthermore,  it  will  be 
noted  that  the  part  of  the  link  subjected  to  this  compression  is 
restrained  laterally  by  the  sides  of  the  adjacent  link;  and  this  lateral 
restraint  offsets  in  some  measure  the  compressive  stress.  In  any  case, 
however,  this  compression  is  a  factor  to  be  seriously  considered. 

Using  the  maximum  tensile  stress  as  a  basis,  the  formulas 

P  =  0.4  (PS  (open)  (5) 

P  =  0.5  d2S  (stud)  (6) 

for  open  and  stud  links  respectively,  are  proposed  as  substitutes  for 
the  formulas  now  in  use.  These  formulas  contain  the  safe  maxi- 
mum unit  stress  S,  and  are  in  that  respect  more  general  than  those 
quoted  from  Unwin,  Bach  and  others.  If  desired,  the  usual  form 
P  =  kd?  is  readily  obtained  by  assuming  a  proper  value  of  S.  Thus 
if  S  is  taken  at  15,000  lb.  sq.  in.,  we  have 

P  =  6000  d2  (open), 
P  =  7500d2  (stud), 

respectively;  if  20,000  lb.  sq.  in.  is  considered  a  permissible  value  of  S, 
the  formulas  become 

P  =    8000  d2  (open), 
P  =  10,000  d2  (stud), 
respectively. 

Summary  of  Results,  and  Conclusions 

The  following  is  a  summary  of  the  results  obtained  from  the  in- 
vestigations herein  described  and  the  conclusions  that  may  be  drawn 
from  them : 

1.  The  experiments  on  the  steel  rings  confirm  the  theoretical 
analysis  employed  in  the  calculation  of  stresses. 
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2.  The  experiments  on  the  various  chain  links  further  confirm  the 
analysis  and  show  that  the  distribution  of  pressure  between  the 
links,  in  general,  lies  between  the  extremes  (a),  point  contact  and  (c), 
pressure  concentrated  at  opposite  points,  as  in  Fig.  2(c).  For 
purposes  of  calculation  case  (&),  uniform  distribution  of  pressure  over 
an  arc  2a  may  be  assumed. 

3.  The  load  2  Q  on  the  link  produces  an  average  intensity  of  stress 
-j  =  ^  in  the  cross  section  of  the  link  containing  the  minor  axis. 
With  an  open  link  of  usual  proportions  the  maximum  tensile  stress 
is  approximately  four  times  this  value,  i.e.,  4—  . 

4.  The  introduction  of  a  stud  in  the  link  equalizes  the  stresses 
throughout  the  link,  reduces  the  maximum  tensile  stresses  about  20 
per  cent,  and  reduces  the  excessive  compressive  stress  at  the  end  of 
the  link  about  50  per  cent. 

5.  The  stud-link  chain  of  equal  dimensions  will,  within  the  elastic 
limit,  bear  from  20  to  25  per  cent  more  load  than  the  open-link  chain. 
The  ultimate  strength  of  the  stud-link  chain  is,  however,  probably 
less  than  that  of  the  open-link  chain. 

6.  In  the  formulas  for  the  safe  loading  of  chains  given  by  the  lead- 
ing authorities  on  machine  design,  the  maximum  stress  to  which  the 
link  is  subjected  seems  to  be  underestimated  and  the  constants  are 
such  as  to  give  maximum  stresses  of  from  30,000  to  40,000  lb.  per  sq.  in. 
for  full  load. 

7.  The  following  formulas  are  applicable  to  chains  of  the  usual 
form: 

P  =0A<FS,  (or  open  links, 
P  =  0.5  <PS,  for  stud  links, 

where  P  demotes  the  safe  load,  d  the  diameter  of  the  stock,  and  S 
the  maximum  permissible  tensile  stress. 
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TABLE   6 

FIRST    TEST    OF    12-INCH    STEEL    RltfG    NO.    1 

Outside  Diameter 12.000    in. 

Inside  Diameter      9.000    in. 

Width 1.0476  in. 

Modulus  of  Elasticity 26,200,000 


Extensometer  Readings 

Deformations 

Applied  Load 
Pounds 

Horizontal  Axis 

Vertical  Axis 

Horizontal  Axis 

Vertical  Axis 

500 

.2420 

.2408 

1,000 

.2419 

.2379 

-.666l 

.0029 

1,500 

.2442 

.2367 

.0022 

.0041 

2,020 

.2467 

.2357 

.0047 

.0051 

2,500 

.2474 

.2342 

.0054 

.0066 

3,000 

.2484 

.2322 

.0064 

.0086 

3,500 

.2494 

.2306 

.0074 

.0102 

4,000 

.2503 

.2277 

.0083 

.0131 

4,500 

.2529 

.2284 

.0109 

.0124 

5,000 

.2536 

.2270 

.0116 

.0138 

5,500 

.2546 

.2256 

.0126 

.0152 

5,900 

.2550 

.2249 

.0130 

.0159 

6,500 

.2572 

.2234 

.0152 

.0174 

7,000 

.2583 

.2218 

.0163 

.0190 

7,500 

.2600 

.2187 

.0180 

.0221 

TABLE   7 

SECOND    TEST    OF    12-INCH    STEEL  RING    NO.    1 


Extensometer  Readings 

Deformations 

Applied  Load 
Pounds 

Horizontal  Axis 

Vertical  Axis 

Horizontal  Axis 

Vertical  Axis 

0 

.9985 

.0024 

500 

.9975 

.0048 

.0012 

.0024 

1,000 

.9960 

.0045 

.0025 

.0021    . 

1.500 

.9948 

.0057 

.0036 

.0033 

2,000 

.9933 

.0073 

.0052 

.0049 

2,500 

.9917 

.0085 

.0068 

.0061 

3,000 

.9913 

.0098 

.0072 

.0074 

3,500 

.9907 

.0116 

.0078 

.0092 

4,000 

.9890 

.0130 

.0095 

.0106 

4,500 

.9874 

.0143 

.0111 

.0119 

5,000 

.9863 

.0156 

.0122 

.0132 

5,500 

.9851 

.0170 

.0134 

.0146 

6,000. 

.9840 

.0184 

.0145 

.0160 

6,500 

.9824 

.0199 

.0161 

.0175 

7.000 

.9808 

.0213 

.0177 

.0189 

7.500 

.9800 

.0223 

.0185 

.0199 
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TABLE   8 

FIRST    TEST    OF    STEEL    RING    XO.    2 

Outside  Diameter 12.0056  in. 

Inside  Diameter      9.000    in. 

Thickness      1.005    in. 

Modulus  of  Elasticity 26.200,000 


Extensometer  Readings 

Deformat  ions 

Applied  Load 
Pounds 

Horizontal  Axis 

Vertical  Axis 

Horizontal  Axis 

Vertical  Axis 

0 

.0076 

.0043 

500 

.0054 

.0062 

.0022 

.0019 

1,000 

.0047 

.0063 

.0029 

.0020 

1,500 

.0036 

.0087 

.0040 

.0044 

2,000 

.0018 

.0102 

.0058 

.0059 

2,500 

.0007 

.0120 

.0069 

.0077 

3,000 

.9994 

.0135 

.0082 

.0092 

3,500 

.9975 

.0138 

.0101 

.0095 

4,000 

.9958 

.0153 

.0118 

.0110 

4,500 

.9953 

.0167 

.0123 

.0124 

5,000 

.9932 

.0177 

.0144 

.0134 

5,500 

.9920 

.0199 

.0156 

.0156 

6,000 

.9917 

.0217 

.0159 

.0174 

6,500 

.9905 

.0230 

.0171 

.0187 

7,000 

.9887 

.0249 

.0189 

.0206 

7,500 

.9870 

.0270 

.'0206 

.0227 

TABLE   9 
SECOND    TEST    OF    STEEL   RING    NO. 


Extensometer  Readings 

Deformations 

Applied  Load 
Pounds 

Horizontal  Axis 

Vertical  Axis 

Horizontal  Axis 

Vertical  Axis 

0 

1.0050 

.0062 

.       500 

1.0028 

.0067 

.0022 

.0005 

1,000 

1.0023 

.0082 

.0027 

.0020 

1,500 

1.0018 

.0100 

.0032 

.0038 

2,000 

.9994 

.0106 

.0056 

.0044 

2,500 

.9991 

.0130 

.0059 

.0068 

3,000 

.9964 

.0148 

.0086 

.0084 

3,500 

.9960 

.0158 

.0090 

.0096 

4,000 

.9943 

.0170 

.0107 

.0108 

4,500 

.9932 

.0186 

.0118 

.0124 

5.000 

.9919 

.0196 

.0131 

.0134 

5,500 

.9908 

.0220 

.0142 

.0158 

6.000 

.9899 

.0230 

.0151 

.0168 

6,500 

.9884 

.0240 

.0166 

.0178 

7,000 

.9871 

.0255 

.0179 

.0193 

7.500 

.9860 

.0270 

.0190 

.0208 
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TABLE    10 
FIRST    TEST    OF    FORGED    RING    NO.    3 

Outside  Diameter 12.007  in. 

Inside  Diameter      9.001  in. 

Width 1.00  in. 

Modulus  of  Elasticity 30,400,000 


Extensometer  Readings 

Deformations 

Applied  Load 
Pounds 

Horizontal  Axis 

Vertical  Axis 

Horizontal  Axis 

Vertical  Axis 

0 

.0063 

.0050 

.0 

.0 

500 

.0085 

.0036 

.0014 

.0022 

1,000 

.0094 

.0025 

.0025 

.0031 

1,500 

.0101 

.0007 

.0043 

.0038 

2,000 

.0115 

.9996 

.0054 

.0052 

2,500 

.0113 

.9987 

.0063 

.0070 

3,000 

.0147 

.9969 

.0081 

.0084 

3,500 

.0154 

.9969 

.0081 

.0091 

4,000 

.0171 

.9946 

.0104 

.0108 

4,500 

.0184 

.9930 

.0120 

.0121 

5,000 

.0195 

.9925 

.0125 

.0131 

5,500 

.0206 

.9913 

.0137 

.0143 

6,000 

.0220 

.9900 

.0150 

.0157 

6,500 

.0228 

.9887 

.0163 

.0165 

7,000 

.0245 

.9877 

.0173 

.0182 

7,500 

.0261 

.9871 

.0179 

.0198 

8,000 

.0287 

.9852 

.0198 

.0224 

TABLE   11 

SECOND    TEST    OF    FORGED    STEEL    RING    NO.    3 


Extensometer  Readings 

Deformations 

Applied  Load 

Horizontal  Axis 

Vertical  Axis 

Horizontal  Axis 

Vertical  Axis 

0 

.0032 

.0063 

.0 

.0 

500 

.0014 

.0070 

.0018 

.0003 

1,000 

.0012 

.0094 

.0020 

.0027 

1,500 

.0003 

.0102 

.0029 

.0035 

2,000 

.9994 

.0124 

.0038 

.0057 

3,000 

.9960 

.0133 

.0072 

.0076 

•     3,500 

.9946 

.0143 

.0086 

.0086 

4,000 

.9935 

.0153 

.0097 

.0103 

4,500 

.9926 

.0170 

.0106 

.0115 

5,000 

.9916 

.0182 

.0116 

.0133 

5,500 

.9902 

.0200 

.0130 

.0140 

6,000 

.9992 

.0207 

.0140 

.0155 

6,500 

.9883 

.0222 

.0150 

.0163 

7,000 

.9871 

.0230 

.0161 

.0179 

7,500 

.9860 

.0257 

.0172 

.0190 

8,000 

.9836 

.0273 

.0196 

.0206 
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TABLE    12 
FIRST    TEST    OF    DREDGE    LINK 


Vertical  Axis 

Horizontal  Axis 

Applied 
Load 

Readings 

Differences 

Deflec- 
tions 

Readings 

Deflec- 
tions 

1,000 

.0098 

.0125 

.5100 

2,000 

.0101 

.0129 

.0003 

.0004 

.00035 

.5099 

.0001 

3,000 

.0103 

.0136 

.0005 

.0011 

.0008 

.5092 

.0008 

4,000 

.0106 

.0136 

.0008 

.0011 

.00095 

.5092 

.0008 

5,000 

.0109 

.0138 

.0011 

.0013 

.0012 

.5086 

.0014 

6,000 

.0109 

.0138 

.0011 

.0013 

.0012 

.5080 

.0020 

7,000 

.0116 

.0140 

.0018 

.0015 

.00165 

.5081 

.0019 

8,000 

.0112 

.0149 

.0014 

.0024 

.0019 

.5080 

.0020 

9,000 

.0117 

.0146 

.0019 

.0021 

.0020 

.5079 

.0021 

10,000 

.0119 

.0152 

.0021 

.0027 

.0024 

.5074 

.0026 

11,000 

.0121 

.0149 

.0023 

.0021 

.0023 

12,000 

.0124 

.0158 

.0026 

.0033 

.00295 

.5070 

.0030 

13,000 

.0126 

.0160 

.0028 

.0035 

.00315 

.5068 

.0032 

14,000 

.0129 

.0163 

.0031 

.0038 

.00345 

.5065 

.0035 

15,000 

.0131 

.0170 

.0033 

.0045 

.0039 

.5062 

.0038 

16,000 

.0132 

.0171 

.0034 

.0046 

.0040 

.5057 

.0043 

17,000 

.0138 

.0180 

.0040 

.0055 

.00475 

.5052 

.0048 

18,000 

.0142 

.0188 

.0044 

.0063 

.00535 

.5049 

.0051 

19,000 

.0155 

.0192 

.0055 

.0067 

.0061 

.5040 

.0060 

20,000 

.0161 

.0199 

.0063 

.0074 

.00685 

.5030 

.0070 

21,000 

.0176 

.0221 

.0078 

.0096 

.0087 

.5010 

.0090 

22,000 

.0216 

.0267 

.0118 

.0142 

.0130 

.4969 

.0131 

TABLE    13 
SECOND    TEST    OF    DREDGE    LINK 
[Modulus  of  Elasticity  24,600,000] 


Applied 

Load 

Vertical  Axis 

Horizontal  Azifl 

Readings 

Differences 

Deflec- 
tions 

Readings 

Deflec- 
tions 

1,000 

2,000 

4,000 

6,000 

8,000 

10,000 

12,000 

14,000 

16,000 

18,000 

20,000 

22,000 

24,000 

.0033 
.0035 
.0038 
.0042 
.0048 
.0048 
.0051 
.0059 
.0061 
.0058 
.0068 
.0069 
.0326 

.0035 
.0038 
.0045 
.0054 
.0062 
.0072 
.0078 
.0085 
.0088 
.0101 
.0111 
.0120 
.0248 

.0002 
.0005 
.0009 
.0015 
.0015 
.0018 
.0028 
.0025 
.0028 
.0033 
.0036 
.0293 

.0003 
.0010 
.0019 
.0027 
.0037 
.0043 
.0050 
.0053 
.0066 
.0076 
.0085 
.0213 

.00025 

.00075 

.0014 

.0021 

.0026 

.00305 

.0038 

.00405 

.00455 

.00545 

.00695 

.0253 

.2036 
.2035 
.2034 
.2030 
.2024 
.2016 
.2013 
.2010 
.1999 
.0997 
.1990 
.1981 

.0001 
.0002 
.0006 
.0012 
.0020 
.0023 
.0026 
.0037 
.0039 
.0046 
.0055 
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TABLE    14 
FIRST    TEST    OF    CONVEYOR    LINK 


Vertical  Axis 

Horizontal  Axis 

Applied 
Load 

Readings 

Differences 

Deflec- 

Readings 

Deflec- 

tions 

tions 

1,500 

.1363 

.0400 

.4875 

2,000 

.1368 

.0399 

.0005 

.0001 

.0002 

.4880 

.0005 

2,500 

.1371 

.0407 

.0008 

.0007 

.00075 

.4870 

.0005 

3,000 

.1383 

.0401 

.0020 

.0001 

.00105 

.4869 

.0006 

3,500 

.1389 

.0401 

.0026 

.0001 

.00135 

.4865 

.0010 

4,000 

.1390 

.0404 

.0027 

.0004 

.00155 

.4863 

.0012 

4,500 

.1495 

.0407 

.0032 

.0007 

.00195 

.4860 

.0015 

5,000 

.1398 

.0408 

.0035 

.0008 

.00215 

.4860 

.0015 

5,500 

.1401 

.0409 

.0038 

.0009 

.00235 

.4855 

.0020 

6,000 

.1401 

.0416 

.0038 

.0016 

.0027 

.4853 

.0022 

6,500 

.1404 

.0410 

.0041 

.0010 

.00255 

.4850 

.0025 

7,000 

.1405 

.0412 

.0042 

.0012 

.0027 

.4847 

.0028 

7,500 

.1408 

.0413 

.0045 

.0013 

.0029 

.4843 

.0032 

8,000 

.1410 

.0417 

.0047 

.0017 

.0032 

.4840 

.0038 

8,500 

.1411 

.0418 

.0048 

.0018 

.0033 

.4837 

.0038 

9,000 

.1413 

.0419 

.0050 

.0019 

.00345 

.4834 

.0041 

9,000 

.1408 

.0422 

.4832 

10,000 

.1420 

.0425 

.0062 

.0022 

.0042 

.4830 

.0043 

11,000 

.1425 

.0429 

.0067 

.0026 

.00465 

.4822 

.0053 

12,000 

.1427 

.0430 

.0069 

.0027 

.0048 

.4814 

.0061 

13,000 

.1432 

.0436 

.0074 

.0033 

.00535 

.4810 

.0065 

14,000 

.1434 

.0443 

.0076 

.0040 

.00580 

.4800 

.0075 

15,000 

.1437 

.0448 

.0079 

.0045 

.00620 

.4791 

.0084 

16,000 

.1443 

.0452 

.0085 

.0049 

.0067 

.4782 

.0093 

17,000 

.1448 

.0459 

.0090 

.0056 

.0073 

.4774 

.0101 

18,000 

.1458 

.0459 

.0100 

.0056 

.0078 

.4766 

.0109 

19,000 

.1462 

.0463 

.0104 

.0060 

.0082 

.4754 

.0121 

20,000 

.1470 

.0470 

.0112 

.0067 

.00895 

.4740 

.0135 

21,000 

.1485 

.0474 

.0127 

.0071 

.0099 

.4724 

.0151 

22,000 

.1499 

.0480 

.0141 

.0077 

.0109 

.4710 

.0165 

23,000 

.1517 

.0498 

.0159 

.0095 

.0127 

24,000 

.1533 

.0512 

.0175 

.0109 

.0142 

.4660 

.0215 

25,000 

.1569 

.0551 

.0211 

.0148 

.01795 

.4620 

.0255 
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TABLE    15 

SECOND    TEST    OF    CONVEYOR    LINK 

[Modulus  of  Elasticity,  28,400,000] 


Vertical  Ax 

s 

Horizontal  Axis 

Applied 
Load 

Reac 

ings 

Differences 

Deflec- 

Reading 

Deflec- 

tions 

tions 

1,120 

.1835 

.0292 

.4013 

2,040 

.1840 

.0295 

.0005 

.0003 

.0004 

.4010 

.0003 

3,020 

.1843 

.0300 

.0008 

.0008 

.0008 

.4003 

.0010 

4,000 

.1848 

.0302 

.0013 

.0010 

.00115 

.3996 

.0017 

5,110 

.1852 

.0308 

.0017 

.0016 

.00165 

.3984 

.0029 

6,040 

.1858 

.0312 

.0023 

.0020 

.00215 

.3981 

.0032 

7,000 

.1860 

.0315 

.0025 

.0023 

.0024 

.3978 

.0035 

8,030 

.1864 

.0319 

.0029 

.0027 

.0028 

.3969 

.0044 

9,190 

.1867 

.0323 

.0032 

.0031 

.00315 

.3964 

.0049 

10,000 

.1873 

.0326 

.0038 

.0034 

.0036 

.3960 

.0053 

11,000 

.1880 

.0329 

.0045 

.0037 

.0041 

.3956 

.0057 

12,020 

.1882 

.0332 

.0047 

.  0040 

.00435 

.3949 

.0064 

13,090 

.1886 

.0336 

.0051 

.0044 

.00475 

.3942 

.0071 

14,090 

.1890 

.0341 

.0055 

.0049 

.0052 

.3936 

.0077 

15,030 

.1892 

.0345 

.0057 

.0053 

.0055 

.3930 

.0083 

16,090 

.1895 

.0347 

.0060 

.0055 

.00575 

.3924 

.0089 

17,020 

.1897 

.0350 

.0062 

.0058 

.0060 

.3920 

.0093 

18,000 

.1898 

.0356 

.0063 

.0064 

.00635 

.3914 

.0099 

19,000 

.1907 

.0355 

.0072 

.0063 

.00675 

.3910 

.0103 

20,000 

.1910 

.0359 

.0075 

.0067 

.0071 

.3904 

.0109 

21,000 

.1918 

.0365 

.0083 

.0073 

.0078 

.3899 

.0114 

22,000 

.1922 

.0367 

.0087 

.0075 

.0081 

.3893 

.0120 

23,000 

.1923 

.0372 

.0088 

.0080 

.0084 

.3884 

.0129 

24,000 

.1928 

.0378 

.0093 

.0086 

.00895 

.3878 

.0135 

25,000 

.1933 

.0380 

.0098 

.0088 

.0093 

.3873 

.0140 

26,000 

.1940 

.0382 

.0105 

.0090 

.00975 

.3870 

.0143 

27,000 

.1944 

.0389 

.0109 

.0097 

.0103 

.3860 

.0153 

28,000 

.2081 

.0562 

.0246 

.0270 

.0258 

29,000 

.2185 

.0673 

.  0350 

.0381 

.03655 
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TABLE    16 
TEST    OF    PROOF    COIL    LINK 
[Modulus  of  Elasticity,  26,100,000] 


Applied 

Vertical  Axis 

Horizontal  Axis 

Average 

Load 

Read 

mgs 

Differences 

Deflec- 

Readings 

tions 

tions 

1,000 

.2006 

.2002 

.3872 

2,000 

.2010 

.1006 

.0004 

.0004 

.0004 

.3870 

.0002 

3,000 

.2017 

.2008 

.0011 

.0006 

.00085 

.3864 

.0008 

4,000 

.2021 

.2010 

.0015 

.0008 

.00115 

.3860 

.0012 

5,000 

.2022 

.2016 

.0016 

.0014 

.0015 

.3854 

.0018 

6,000 

.2026 

.2019 

.0020 

.0017 

.00185 

.3851 

.0021 

7,000 

.2030 

.2021 

.0024 

.0019 

.00215 

.3843 

.0029 

8,000 

.2034 

.2027 

.0028 

.0025 

.00265 

.3841 

.0031 

9,000 

.2038 

.2929 

.0032 

.0027 

.00295 

.3838 

.0034 

10,000 

.2041 

.2032 

.0035 

.0030 

.00325 

.3835 

.0037 

11,000 

.2045 

.2034 

.0039 

.0032 

.00355 

.3831 

.0041 

12,000 

.2049 

.2038 

.0043 

.0036 

.00395 

.3827 

.0045 

13,000 

.2054 

.2043 

.0048 

.0041 

.00445 

.3822 

.0050 

14,000 

.2060 

.1047 

.0052 

.0045 

.00485 

.3816 

.0056 

15,000 

.2066 

.2052 

.0060 

.0050 

.0055 

.3811 

.0061 

16,000 

.2071 

.2059 

.0065 

.0057 

.0061 

.3804 

.0068 

17.000 

.2078 

.2061 

.0072 

.0059 

.00655 

.3799 

.0073 

18,000 

.2087 

.2068 

.0081 

.0066 

.00735 

.3793 

.0079 

19,000 

.2097 

.2070 

.0091 

.0068 

.00795 

.3786 

.0086 

20,000 

.2108 

.2076 

.0102 

.0074 

.0088 

.3777 

.0095 

21,000 

.2119 

.2088 

.0113 

.0086 

.00975 

.3763 

.0109 

TABLE   17 

FIRST    TEST    OF    TWO-INCH    DREDGE    LINK 

[Modulus  of  Elasticity  29,000,000  (Assumed)] 


Vertical  Axis 

Horizontal  Axis   ! 

Applied 

Deflec- 

Deflec- 

Load 

Readings 

Differences 

tions 

Readings 

tions 

0 

.0215 

.5488 

.5907 

3,000 

.0223 

.5496 

.0008 

.0008 

.0008 

.5900 

.0007 

6,000 

.0225 

.5501 

.0010 

.0013 

.0012 

.5895 

.0012 

9,000 

.0230 

.5511 

.0015 

.0017 

.0016 

.5892 

.0015 

12,000 

.0231 

.5518 

.0016 

.0023 

.0020 

.5889 

.0018 

15,000 

.0238 

.5524 

.0023 

.0030 

.0027 

.5886 

.0021 

18,000 

.0240 

.5528 

.0025 

.0036 

.0032 

.5882 

.0025 

21,000 

.0244 

.5531 

.0029 

.0040 

.0035 

.5879 

.0028 

24,000 

.0245 

.5535 

.0031 

.0043 

.0037 

.5876 

.0031 

27,000 

.0249 

.5538 

.0034 

.0047 

.0041 

.5872 

.0035 

30,000 

.0253 

.5540 

.0038 

.0050 

.0044 

.5868 

.0039 

33,000 

.0254 

.5543 

.0039 

.0052 

.0046 

.5864 

.0043 

36,000 

.0258 

.5549 

.0043 

.0055 

.0049 

.5864 

.0043 

39,000 

.0263 

.5551 

.0048 

.0061 

.0055 

.5869 

.0048 

42,000 

.0265 

.5555 

.0050 

.0063 

.0057 

.5857 

.0050 

45,000 

.0269 

.5561 

.0054 

.0067 

.0061 

.5855 

.0052 

48,000 

.0273 

.5563 

.0058 

.0073 

.0066 

.5852 

.0055 

51,000 

.0277 

.5568 

.0062 

.0075 

.0068 

.5849 

.0058 

54,000 

.0280 

.5568 

.0065 

.0080 

.0073 

.5845 

.0062 

57,000 

.0283 

.5570 

.0068 

.0082 

.0075 

.5840 

.0067 

60,000 

.0295 

.5578 

.0070 

.0090 

.0080 

.5838 

.0069 
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TABLE   18 
SECOND    TEST    OF    TWO-INCH    DREDGE    LINK 


Vertical  Axis 

Horizontal  Axis 

Applied 
Load 

Reac 

ings 

Differences 

Deflec- 

Readings 

Deflec- 

tions 

tions 

0 

.0216 

.5495 

.5902 

3,000 

.0219 

.5502 

.0003 

.0007 

.0005 

.5898 

.0004 

6,000 

.0223 

.5505 

.0007 

.0010 

.00085 

.5890 

.0012 

9,000 

.0228 

.5514 

.0012 

.0019 

.00155 

.5887 

.0015 

12,000 

.0230 

.5523 

.0014 

.0028 

.0021 

.5880 

.0022 

15,000 

.0235 

.5530 

.0019 

.0035 

.0027 

.5876 

.0026 

18,000 

.0238 

.5532 

.0022 

.0037 

.00295 

.5872 

.0030 

21,000 
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Q  =  one-half  of  load  applied  to  chain; 
Mb  =  bending  moment  at  any  chosen  section ; 

M  =  bending  moment  in  side  of  link  at  end  of  minor  axis; 

P  =  normal  force  on  any  section  of  link; 

s  =  intensity  of  stress  at  any  point  of  a  cross  section; 

<t>  =  angle  between  any  section  and  major  axis  of  link; 

a  =  one-half  of  assumed  arc  of  contact  between  adjacent  links; 

/  =  area  of  cross  section  of  link; 

E  =  modulus  of  elasticity; 

d  =  diameter  of  iron  in  link; 

r  =  general  symbol  for  radius  of  curvature; 

,  r3  =  radii  of  curvature  of  parts  of  link; 

£  =  relative  extension  of  any  fiber; 

£0  =  relative  extension  of  center  line  of  link; 

w  =  ratio  kd<j>:  d<f>; 

y  =  distance  of  fiber  from  center  line; 


fJ   r 


^-df; 


r  +  y 

Ax,  Ay  =  deflections  of  major  and  minor  axes  of  link,  respectively; 
S    =  one-half  of  pressure  between  stud  and  side  of  link. 
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APPENDIX  A 

THEORY   OF   STRESSES  IN   CURVED   BARS* 

Consider  an  element  of  the  bar  included  between  two  cross  sections 
AXA2  and  Cfi2,  Fig.  29.  The  planes  of  these  normal  cross  sections 
intersect  in  a  line  which  pierces  the  plane  of  the  paper  at  M;  this  line 
is  the  axis  of  curvature,  that  is,  point  M  is  the  center  of  curvature 


Figs.  29,  30,  31. 


of  the  center  line  AC.  For  the  sake  of  convenience,  we  shall  make 
use  of  only  one-half  of  the  element,  as  shown  in  Fig.  30,  and  we  shall 
consider  the  sides  />'/',.  #2Ca  to  be  straight  lines,  since  the  sections 
BlB3  and  (\(\,  are  taken  indefinitely  close  to  each  other. 

*  The  theory  here  given  is  substantially  thai  laid  down  by  Bach,  EkuHcikU  und 

Festujkrit,  §54. 

Hi 
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Suppose  now  that  an  external  force  P  acts  at  right  angles  to  the 
section  CxCr  If  this  force  is  uniformly  distributed  over  the  cross 
section  CXCV  each  fiber  will  be  elongated  (or  shortened)  by  an  amount 
proportional  to  its  original  length.  Thus,  assuming  that  the  stress 
is  tensile,  we  shall  have 

nnf      r  n  > 

■-  a  constant. 

It  follows  that  the  plane  of  the  cross  section  will  in  its  new  position 
C/CJ  pass  through  the  axis  of  curvature  M. 

In  addition  to  the  force  P  normal  to  the  section,  let  there  be  a 
couple  of  moment  Mb  acting  at  the  section  in  question.  It  is  assumed 
that  the  sense  of  the  couple  is  such  as  to  increase  the  curvature  of  the 
bar.  The  section  Cfi2  of  the  unloaded  bar  is  brought  to  C(C2  by 
the  normal  force  P,  as  just  explained.  The  couple  causes  it  to  assume 
a  new  position  C"C",  Fig.  31.  The  plane  of  the  section  in  this 
position  intersects  the  plane  of  the  section  BLB2  in  the  line  M\  The 
angle  between  the  cross  sections  is  increased  from  d<f>  to  dcj>  +  M(j), 
and  the  radius  of  curvature  is  shortened  from  r  to  p. 

Let  ds  denote  the  length  BC  and  Ads  the  elongation  CC"  due  to  the 

Ads 
force  P  and  moment  Mb.    The  ratio  — —  we  shall  denote  by  e0; 

CC" 
hence  e0=  —  • 

Consider  now  a  fiber  lying    along  PPt  at    a    distance  y  from    the 
center  line  BC.    The  extension  of  the  fiber  is  PJP"',  hence  we  have 

PtP" 

To  determine  e,  let  C"D  be  drawn  parallel  to  Cfir    Then 
PJP"  =  PtD  +  DP"  =  CC"  +  DP" 

=  s0ds  +  y  .  angle  DC"P"  =  e0ds  +  y  .  Ac?^>, 
and  PP,  =  (y  +  r)d<f>. 

(h  Adcf) 

Therefore       e  =  £"ds  +  y  '  A#  =  '"  # 


(r  +  y)  d<j>  r  +  y 
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Let  a>  denote  the  ratio  —~ ;  then  since  ds  =  rdcf), 
acp 

e  —  -* s    =  eQ  +  (to  —  e  )    * .  (i) 

r  +  y  °  °      r  +  7/ 

If  2£  is  the  modulus  of  elasticity,  the  stress  corresponding  to  the  elon- 
gation £  is 

(2) 


■*-*[«.+(— o^ 


The  stresses  developed  over  the  section  must  hold  in  equilibrium 
the  external  forces  and  couples;  hence  denoting  an  element  of  the  area 
of  the  section  by  df,  we  have  from  ordinary  static  conditions, 

P=  Jsdj  =Je [*,  +  (co  -  £„)  j^J-]  rf/.  (3) 


M,=  JV  *<*/=  Jify  [£„  +  (a,  -  e,)  -JL]  rf/. 


(4) 


The  integrals  involved,  considering  E  a  constant,  are 

fdf,    fydf,    f  J-^/,  and  f^-y  df. 

Evidently    J  df  =  /,  and  since  y  is  measured  from  a  gravity  axis, 
/  2/^/  =  0-     For  the  sake  of  convenience,  let 

u  r  +,t/ 
then 

f-£-df=  ((y-r-y—)df  =  -r  ( -y— df  =  zfr 
J  r  +  y   '     J  V        r  +  yl    '  J  r  +  */   '        ' 

Inserting  these  values  of  the  integrals  in  (3)  and  (4),  we  get 
.U,  =  fi/  («.  -  »,)  ?r. 


(6) 
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By  slight  reduction  the  following  important  formulas  are  now 
obtained: 

1    Mb 

(O  £n  =    •  > 

0      Ef    zr 
•.-ft*?).  <A) 

-*('♦*♦*)■  <B) 

Inserting  the  expressions  for  e0  and  w  given  by  (A)  and  (B)  in  (2) 
w£  finally  obtain  for  the  intensity  of  stress  at  any  point  of  the  section 

.-£+*+*  -Jf-  (o 

f       }r       zfr    r  +  y 

Formula  (C)  gives  the  stress  in  terms  of  the  force  P,  couple  Mb,  and 
other  terms  which  depend  solely  upon  the  geometry  of  the  system 
under  consideration.  In  applying  this  formula  care  must  be  taken 
to  give  the  quantities  their  proper  signs.    Thus: 

P  is  positive  when  it  tends  to  produce  tension,  negative  when  it 
tends  to  produce  compression; 

Mb  is  positive  when  it  tends  to  increase  the  curvature  of  the  bar, 
negative  when  it  tends  to  decrease  the  curvature; 

y  is  positive  when  measured  towards  the  convex  side  of  the  bar, 
negative  when  measured  towards  the  concave  side,  that  is,  towards 
the  center  of  curvature. 

When  the  value  of  s  as  determined  from  formula  (C)  is  positive, 
the  stress  is  tensile;  if  s  is  negative,  the  stress  is  compressive. 

The  function  z  as  defined  by  (5),  that  is, 


■u 


*-* 


r  +  y 

may  be  obtained  by  integration  in  the  case  of  regular  sections, 
circles,  rectangles,  etc.  The  following  expressions  for  z  are  all  that 
are  required  for  present  purposes. 


50  ILLINOIS  ENGINEERING   EXPERIMENT  STATION 

For  a  circular  cross  section  of  radius  a, 

H©'-2-Kr)"-M)*---- 

For  a  rectangular  cross  section  of  width  b  and  depth  2  a, 


APPENDIX  B 

ANALYSIS  OF  OPEN  LINK 

To  give  an  idea  of  the  general  method  employed,  a  simple  case 
is  taken  first,  the  more  complicated  general  case  later. 

It  is  assumed  that  a  quadrant  of  the  center  line  of  the  link  is  made 
up  of  two  circular  arcs,  Fig.  32,  one,  BE}  having  a  radius  equal  to  the 


Fig.  32. 

diameter  d  of  the  iron  of  the  link,  the  other  arc,  EA,  having  a  radius 
AC  =  r.  Denoting  by  a  and  b  the  major  and  minor  semi-axes,  BO 
and  AO,  respectively,  the  following  geometrical  relations  are  easily 
deduced: 

a2  +  b2  -  2  ad 


2(b-d) 
-  b 


r  -  d' 


tan  a  = 


a  —  d 


Let  it  be  assumed  first  that  the  pressure  between  two  links  is  con- 
centrated at  a  point.     Denoting  this  pressure  by  2  Q,  the  normal 
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force  at  section  A  is  Q.  The  unknown  bending  moment  at  this 
same  section  may  be  denoted  by  M.  At  any  point  H  between  E  and 
A  on  the  center  line  introduce  two  equal  and  opposite  forces  each 
equal  to  Q.  One  of  these  forces  may  be  combined  with  Q  giving  a 
moment  at  H  of  magnitude 

Qr  (1—  sin  <j>). 

Adding  to  this  moment  the  moment  M  at  section  A,  we  have  for 
the  bending  moment  at  section  H, 

Mb  =  M  +  Qr  (1  -  sin  0).  (1) 

The  other  force  at  H  may  be  resolved  into  two  components,  one 
normal  to  the  section  and  thus  producing  tension,  the  other  lying 
in  the  plane  of  the  section.  The  latter  component  is  neglected.  The 
former  has  the  value, 

P  =  Q  sin  </>.  (2) 

For  sections  lying  between  B  and  E,  that  is,  for  values  of  <j>  between 
0  and  a,  we  have  likewise, 

Mb  =M  +  Q(b  -  dsm<i>),  (3) 

P   =Qsin£.  (4) 

The  unknown  moment  M  is  determined  from  the  following  con- 
siderations. As  shown  in  Appendix  A,  the  distortion  of  the  link  under 
load  changes  the  angle  dtp  between  two  adjacent  cross  sections  by  the 
amount  M<j),  this  change  being  positive  at  some  sections,  negative  at 
others.  Because  of  the  symmetry  of  the  link,  sections  A  and  B 
originally  at  right  angles  remain  at  right  angles;  that  is,  the  sum- 
mation of  the  changes  of  angle  Ad$  between  B  and  A  must  be  zero. 

A 

Hence  %  Acty  =  0, 

or  since  Ac?</>  =  a> .  d<f>, 

pwrf0+  /  (o  cty  =0.  (5) 
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The  general  expression  for  a>  [Eq.  (B),  Appendix  A]  is 

Ef   \  r         zr } 

For  sections  between  <j>  =  0  and  <£  =  a,  r  =  d;  hence, 
1  /_    .     ,        Mb      Mb\ 
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(6) 


(7) 


the  subscript  1  being  used  to  distinguish  the  co  and  z  of  this  part  of 
the  link  from  those  of  the  other  part.     For  sections  lying  between 


=  a  and  <f>  —  9  > 


-   p.  Q  sin  ^  +   —+—). 


(8) 


Inserting  the  proper  values  of  the  moment  Mb  from   (1)  and  (3) 
we  have, 


M  +  Qb(         1\       0 


#M  = 


M  +  Qr 


(>  -  i) 


0  . 

—  -  sua  < 


(9) 


Inserting  these  values  of  a)l  and  wt  in  (5),  integrating  and  reducing, 
we  get  finally, 


M  = 


Qd 


1  (1  _  cos a)  + 1  cos  a  _  a  ^!  +  1)  -(l  +  |)(§-  j 


«KHK)M 


(D) 


The  value  of  M  being  found  by  means  of  formula  (D)  the  bending 
moment  at  any  section  is  readily  obtained;  and  with  the  bending 
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moment  and  normal  force  given,  the  intensity  of  stress  at  any  fiber 
is  readily  determined  by  means  of  formula  (C). 
For  a  circular  ring  we  have, 


P     =  Q  sin  <£, 

Mb  =  M  +  Qr  (1  -  sin  <f>) 


j  (10) 

Q  sin  </>~| 


whence  ^^[(^(i  ^-^J* -a 

Integrating  and  reducing, 

-^toTl)-1)- 


(E) 


We  shall  now  take  up  a  more  complicated  example  which  agrees 
more  closely  with  conditions  met  in  practice.     In  the  first  place,  the 


Fig.  33. 


quadrant  of  the  center  lino  of  the  link  cannot  usually  be  represented 
closely  by  two  circular  arcs.  Links  actually  measured  show  the  form 
shown  in  Fig.  33.     The  center  line  BA  is  made  up  of  four  parts: 
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(1)  the  arc  BE  of  radius  d  struck  from  Cl  as  a  center;  (2)  the  arc  EF 
with  radius  r2  and  C2  as  center;  (3)  the  arc  FG  with  radius  r3  and 
C3  as  center;  (4)  in  some  cases,  a  straight  part  of  length  e. 

Secondly,  as  explained  previously,  the  assumption  that  the  pres- 
sure between  adjacent  links  is  concentrated  at  a  point  is  not  justified. 
We  shall  make  the  assumption  that  the  pressure  is  distributed  along 
an  arc,  as  shown  in  Fig.  2  (b);  afterwards  the  resulting  equations  will 
be  modified  to  suit  the  assumption  represented  by  Fig.  2  (c),  namely 
that  the  pressure  is  regarded  as  concentrated  at  two  points  E  and  E. 


Fig.  34. 

The  distributed  pressure  along  the  angle  of  contact  2  a  (Fig.  34) 
gives  rise  to  a  normal  force  and  a  bending  moment  independent  of  the 
force  Q  and  moment  M  at  section  A.  We  have  now  to  derive  ex- 
pressions for  the  force  P  and  moment  Mb  at  any  section  included 
within  the  angle  a. 

The  length  of  an  element  of  arc  of  the  circumference  in  contact  is 
j 
-  d(j> ;  hence  the  pressure  over  the  element  of  arc  with  the  assumption 


of  uniform  distribution  is 


P'2c 


The  vertical  component  of  this  force  is 


V  2C0S 
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and  the  sum  of  such  vertical  components  must  be  in  equilibrium  with 
the  external  force  2  Q.    That  is, 

&  fa  cos  0  #  =2Q, 

whence  pd  sin  a  =2  Q, 

2Q 
or  p  - 


d  sin  a 

Take  any  section  OS  making  an  angle  0  with  OX  and  for  the  present 
consider  the  angle  </>  constant.  We  are  to  find  the  moment  and 
normal  force  at  section  T  due  to  the  distributed  pressure  between 
sections  T  and  S.  The  intensity  of  pressure  in  the  direction  OS 
is  p  and  the  pressure  along  an  element  of  arc  of  the  circumference  is 
therefore 

dF  =ppO. 

Now  at  T  introduce  two  equal  and  opposite  forces  parallel  to  OS 
and  of  magnitude  dF.  One  of  these  combines  with  dF  acting  through 
*S  to  form  a  couple  whose  moment  is, 

d  sin  (6  -  </>)  dF  =  p  ^  sin  (0  -  </>)  dO. 

The  other  force  dF  is  resolved  into  components,  the  one  perpendicular 
to  section  T  being 

p^sin(0  -  <l>)dd. 

If  now  we  vary  0  from  </>  to  a  and  take  the  sum  of  the  forces  and 
moments  for  each  element  dO,  we  get: 

Normal  force  at  T  =    }>''   j  "  sin  (0-  </>)  dO- 
Moment  a1  T  -  &  f«sin  (5  -  0)d0. 
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These  are  the  force  and  moment  at  section  T  arising  from  the  dis- 
tributed pressure  between  sections  T  and  U. 
Taking  (f>  constant,  we  obtain 


I     sin  (0  —  cj))dO  =  1  —  cos  (a 


2  0 

and  making  use  of  the  relation  p  =  — - — -  we  get : 

a  sin  a 

Normal  force  at  T  =  -Q—  [1  -  cos  (a  -  6)];  (12) 

sin  a 

Moment  at  T  =  -$^-  [1  -  cos  (a  -  6)1  (13) 

sina 

The  normal  force  and  moment  at  section  T  due  to  the  force  Q  and 
moment  M  at  section  A  have  been  shown  to  be  respectively, 

Q  sin  $, 
and  M  +  Q  (6  -  dsin<£). 

The  total  normal  force  at  section  T7  is  therefore, 

P  =  Q  sin  4>  +  -r^-  [1  -  cos  (a  -  <£)] 
sin  a 

=  -7^ Q  cot  a  cos  <£.  *  (14) 


The  moment  at  T  due  to  the  distributed  pressure  is  opposite  in  sense 
to  the  moment  due  to  Q  and  M  at  section  A ;  hence  the  net  moment 
at  Tis 

Mb  =  M  +  Qb  -  Qd  sin  <f>  -  -^-[1-cos  (a-  cf>)] 

sin  a 

=  M  +Qb  -  -$^-  +  Qd  cot  a  cos  <£.  (15) 

sina 

Referring  to  Fig.  33,  we  see  that  (14)  and  (15)  give  the  values  of 
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P  and  Mb  for  cross  sections  lying  between  points  B  and  E.     Using 
these  values  we  obtain  for  to,  the  following  expression: 

i  r!L+i&/j  +  i\ — Q-+Q  cot  a  cos  4  d6) 

1     Ejl      a        \         zj     zx  sin  a      2,  J 

For  the  arc  EF  with  radius  r2,  the  values  of  Af6  and  P  are  found 
to  be, 

Mb  =  Af  +  Q/i  -  Qr2  sin  <£, 

P  =  Q  sin  <f>, 

whence  for  this  arc,  a>2  is  given  by  the  expression 


(17) 


CO. 


-*[*£*(' +  iKH-      » 


For  the  arc  F(7,  likewise 


M6  ^  M  +  Qr3  -  Qr3  sin  <-/>,  > 
P  =  Q  sin  <£,  ) 


(20) 


whence  w.  =  -— ^-3-  ( 1  +  -  ) sin$  • 

Efl       r3        \        zj      z3        J 

For  the  straight  part  GA, 

Mb  =M,        P  =  Q, 

whence  ^^Q+K(l  +  l^  (21) 

Since  the  normal  section's  at  5  and  A  must  remain  at  right  angles, 
the  summation  of  to  .  d(f>  from  5  to  A  must  be  zero;  that  is 


/  a    co^cf)  +     J       ov/</>  +     /  '    tt)J4>  +      /      w4(ty  -  0. 


(22) 


The  first  three  integrals  present  no  difficulties.     Care  must  be  taken 
in  evaluating  the  last  integral,  however,  because  of  the  infinite  factors 

that  it  contains.    The  expression  for  —  is 


i-»@— *©• 
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Now  since  for  the  straight  part  GA,  r4  is  infinite,  it  appears  that  —is 

also  infinite;  and  neglecting  the  finite  terms,  we  may  write  (21)  in 
the  form 

_  1_      M  I6742  =  16  Mr, 
W'      Ef  '    r4    d2         Ef  d*    ' 

Therefore  w4  dd>  =  -777^  r4  d&. 

Efd2 

But  r4d(f)  =  ds;  hence 

CA       ,,        16  M  f'  1       16  Me  ,OQ, 

If  now  we  substitute  in  (22)  the  values  of  10 v  co2,  and  w3  given  by 
(16),  (18)  and  (20)  and  for  the  fourth  integral  the  value  just  obtained 
we  get  the  following  (neglecting  the  constant  factor  Ef) : 

ILL**  +  1)  f  #  _  _^_  r^+SL  cot  a    fcos^ 

—  —   /     sin  <£<ic6  +  16  —  =0. 
23  J^         r  d2 

Integrating  and  reducing,  the  following  is  obtained: 

at 3    1+-  )--(  -: coso-  )  +  -(  1+-  1(5-  a) 

d\      2J    2\sina  /    r2\       z2/ 


M~-Qd 


•(i^(i+a^#^M+Mi 


(F) 


If  the  assumption  is  made  that  the  pressure  may  be  considered  as 
concentrated  at  two  points  subtending  the  angle  2a  (see  Fig.  2  (c)), 
we  readily  obtain  instead  of  (12)  and  (13) : 

Normal  force  at  T  =  Q  sec  a  sin  (a  —  <f>).  (12') 

Moment  at  T7  =  Qd  sec  «  sin  (a  -  <f>).  (13') 
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Equations  (14)  and  (15)  then  become 
P  =  Q  tan  a  cos  <£, 
Mb  =  M  +  Qb  -  Qd  tan  a  cos  <£, 
whence 

Using  this  value  of  wl  in  (22) ,  we  get  finally 

a-A  1  +-  J-  -tan  asm  a  +  -    1  *™    I  p-« 
</\       g,/    2,  r,\       zj\'        J 


M  =  -Qd 


«KKK>-")+'KJ(M  +  w* 


(14') 
(15') 

(16') 


(P) 


It  wall  be  observed  that  the  change  in  the  assumed  law  of  distri- 
bution changes  the  second  term  in  the  numerator  of  (F)  from 

1  /    a  \     ,        1  , 

-  [ —  cos  a       to       -  tan  a  sin  a. 

z^sin  a  J  zx 

If  we  assume  concentration  at  the  end  of  the  link  this  term  is 

-  (1  —  cos  a). 


From  the  value  of  M  as  determined  from  (F)  or  (F'),  the  bending 
moment  Mb  at  any  section  is  obtained,  and  then  the  stress  at  any 
fiber  is  found  by  means  of  (C). 


APPENDIX  C 

DERIVATION  OF  THEORETICAL  FORMULAS  FOR  THE  CHANGE  OF 
LENGTH   IN  THE   AXES   OF   THE  LINK 

The  analysis  given  in  Appendices  A  and  B  may  be  employed  to 
calculate  the  change  in  length  of  either  axis  of  the  link  due  to  a 
given  load.  As  has  been  stated,  the  comparison  of  this  calculated 
change  of  length  with  the  change  actually  measured  is  the  basis  of  the 
experimental  verification  of  the  theory. 

The  following  discussion  is  substantially  that  given  by  Bach: 
Let  0  P  C  D,  Fig.  35,  be  the  center  line  of  a  curved  bar  before  it  is 


Fig.  35. 


subjected  to  external  forces.  The  point  0  is  chosen  .as  the  origin, 
and  the  tangent  and  normal  at  0  are  taken  as  the  Y-  and  X-axes 
respectively.  When  the  bar  is  subjected  to  external  forces,  it  is 
distorted  and  the  center  line  changes  its  form.  Any  point  C  is  there- 
by moved  to  a  new  position,  and  if  xc,  yc  are  the  original  coordinates 
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of  C,  these  receive  increments  Axc  and  \yc  respectively.  These 
increments  we  now  propose  to  determine  by  the  principles  hitherto 
developed. 

Choose  any  point  P  whose  coordinates  are  x,  y,  and  let  r  be  the 
radius  of  curvature  at  this  point.  An  element  of  arc  at  P  has  the 
direction  PT  and  its  length  is  ds  =  rd<j>,  where  <f>  as  usual  denotes  the 
angle  between  r  and  the  z-axis.  Because  of  the  action  of  the  external 
forces  and  couples,  this  element  of  arc  will  turn  about  P  —  which 
we  for  the  present  consider  fixed  —  through  the  angle  Ad(f>.  This 
rotation  causes  the  point  C  to  move  to  Cl  on  the  circular  arc 
CCX  =  PC  •  Ad(f).  The  components  of  the  displacement  CCX  along 
the  X-  and  F-axes  are  respectively 

PC  ■    Ad<f>  sin  PCF  =     PC  •  mnPCF  ■    A#  =  (yc-  y)  ■    A#l 
and  \  (1) 

-PC  •   Ad<f>cosPCF  =  -PC-  cosPCF  •   Ad</>  =  -  (xc-x)  ■   Atf</J 

In  addition  to  the  coordinate  increments  due  to  the  change  in 
inclination  of  the  section  at  P  there  are  increments  due  to  the 
lengthening  (or  shortening)  of  the  arc  element  ds  at  P.  The  exten- 
sion of  the  element  is  e0ds;  hence  because  of  this  extension  the  point 
C  is  moved  in  the  direction  of  the  X-axis  a  distance, 

e0ds  sin  (j>  =  ebdx 

and  in  the  direction  of  the  F-axis  a  distance 

s0ds  cos  (f>  =  e0dy. 

Adding  together  the  changes  just  deduced  (and  replacing  Atf<£  by 
co  .  d(j)),  we  have: 

change  along  X-axis    =  (yc  —  y)  codcj>  +  £0r/x,  \ 

change  along  F-axis  =  -  (xc  -  x)  wdeb  +  s0dy.      ) 

The  total  increments  of  the  coordinates  xe  and  //,.  made  up  of  the 
changes  for  all  the  arc  elements  lying  between  0  and  C,  are  found 
by  summation.    Thus, 


r*e  r^c  r*e 

Lxe  =yc  J     iod<l>-    I     yad4>+   /     e0dx, 
xcodcf)  —  xc  I     wd(j>+    I     e0dy. 

0  «/0  •/€ 


(G) 
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We  have  now  to  apply  these  fundamental  formulas  (a)  to  the  cir- 
cular ring  and  (b)  to  the  chain  link. 

I.     Distortion  of  Circular  Ring 

Referring  to  Fig.  36,  it  is  evident  that  the  point  A  at  the  extremity 
of  the  transverse  diameter  is  the  point  whose  coordinate  increments 


are  desired.     Denoting  by  x,  y  the  coordinates  of  any  point  H  on  the 
center  line  between  A  and  B,  we  have 


xa  =ya  =  r, 
xa  —  x  —  r  cos  </>> 
y    =  r  sin  <f>. 


At  H,  the  normal  force  and  bending  moment  are 

sin  <j>),   ) 
M  +  Or 


P  =  Q  sin  <£, 
Mb  =  M  +  Qr  (1 


whence 
and 


*/■€,-  = 


Ef 


M  +  Qr 


H) 


Q  sin  (f> 

z 


(3) 

(4) 
(5) 
(6) 
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Since  for  the  quadrant  BA,  J  tod(f>  =  0,  the   first  of   equations  (G) 
reduces  to  the  simpler  form 


Az«  =  —    /   yojd<j>  4-    /  e0dx* 
Inserting  in  (7)  proper  values  from  (3),  (5)  and  (6),  we  get, 
Ef  ■   Lxa  - ~  {M  +  Qr)  (l  +  -W*"  sin  c£  #  +  ^  f  *sin2  <£  # 

-  -  (M  +  Qr)(l  +  -)+  ®S.+  AT  +  Qr 


(7) 


-  -  -  (J!f  +  Qr)  .+  7  &  ■ 

S  4      2 


In  a  similar  way, 
At/a  =  —  /    {xa—x)(jj  •  d$+  I   s0dy  =  —  I    r  cos  <f>  •  co  d<j)  +  /   e0<fy. 

#/  •    A?/a  -  -  (M  +  Qr)  (l  +  -)  ^cos  (f>d<f>  +  —J"  sin  <£  cos  0  d<f> 

+  K±Qrrdy 

r       J  q 
These  results  may  be  written  as  follows: 

A*'=-Jr  HM  +  Qr(1-i)l' 


Ef 
Ay.—  ^-   ;[Af +  JQr]. 


(H) 
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If  finally  the  expression  for  M  given  by  equation  (E)  be  introduced, 
the  equations  take  the  form 


Ef       «Lt(l+«)      4j' 


(H') 


II.  Distortion  of  Chain  Link 

Referring  to  Fig.  33,  the  point  A  at  the  end  of  the  minor  axis  is  the 
point  whose  movement  under  load  is  desired.    Since  for  the  quadrant 

BA,    I  to  d<f>  =  0,  the  equations  (G)  when  applied  to  the  coordinates 

of  point  A  become  simply, 


&Xa=—   J      ycodcj)  +    I      e0dx, 
xcodcj)  +  J     e0  dy. 


(GO 


There  are  four  parts  in  the  quadrant  BA  of  the  center  line;  hence 
separate  expressions  for  x,  y,  to  and  e0  must  be  derived  for  each  of 
these  parts  and  furthermore  the  integrations  must  be  separated. 

From  the  geometry  of  Fig.  33,  and  from  the  results  obtained  pre- 
viously (Appendix  B)  we  have  the  following : 


x  =  d(l  —  cos  </>),    y  =  d  sin  <j>. 


For  arc  BE, 

subtending 
angle  a 


P  ==- 


sin  a 


—  Q  cot  a  cos  < 


Mb  =  M  +  Qb  ■ 


Qd 


+  Qd  cot  a  cos  (j>. 


M  +  Qb 
d 


Ef  ■   e0- 

m  M  4-  Qb/,        1\     Q(  A 

Ef  ■  oj  = r1-  H )—  - f-  cot  a  cos  6). 

d       \         zj      zl  \sin  a  J 
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y  =  r2  sin  <j>  +  b  —  h. 


For  arc  EF, 

subtending 
angle  /?  —  a 


x  =  i  —  r2  cos  < 
P  =  Q  sin  <j>. 
Mb  =  M  +  Qh  -  Qr2  sin  <£. 

M  +  Qh 


Ef.e0  = 


For  arc  FG, 

subtending 

angle  |  -  /? 


Ef .  a>  = 2-  1  +  • —    —  —  sin  6. 

r2       V  zj      z2 

V3  =  h  -  r3  +  r3  sin . 


[Ef 


x=  a  —  r3  cos  i 
P=Qsin<£.  ' 
Mt  =  U  +  Qr3  -  Qr3  sin  <j>. 
.        M  4-  (?r, 


itf  +  Qr, 


\  23  /  ^ 


For  straight 
part  GA 


a;  =  a  +  w,    y  =  b. 
P  =  Q. 
Mb  =  M. 

Ef-  s0  =  Q. 

Ef-  a>=   16M Tp 


The  above  expressions  for  x,  y,  e0  and  a>  are  substituted  in  the 
equations  (G')  and  the  resulting  integrals  are  evaluated  for  each  arc 
separately.     Then  the  results  are  combined. 

For  the  straight  part  GA,  the  radius  r4  is  infinite,  and  care  must  be 
exercised  1o  get  correct  results.  Letting  u  denote  the  distance  of  a 
point  in  GA  from  G,  we  have 


whence 
But 


x  =  a  +  u, 
xco  d(j)  =  l()y  (a  +  w)  r4d(t). 
rd(f>  =  du, 
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and  therefore 

J  xco  d<p=  I    (a  +  u)  du  =  16  —  f  ae  +  —  J . 

Likewise  /  ya>d(f)=  J    du  =  16  —^-  • 

It  is  readily  seen  that  for  the  part  GA, 

I  e0dx  =  Qe,  and    /  e0dy  =  0. 

The   results   of   the   substitution  and  integration  are  the  following 
equations : 

Ef.\xa  =  -  -  (1  -  cos  a)  (M  +  Qb)-^  P  (1 7  C°S  a)  -sin  a  cos  J 

(cos  a  -  cos  p)  (M  +  Qh) 

Or 
+  9      [p  —  a  +  sin  a  cos  a  —  sin  p  cos  /?] 

2z2 

+  — (H1)^-^  (M  +  Qh) 
r2     \         zj 

-  -  (cos  a  -  cos  p)(h-b)Q-  C-^~  (M  +  Qr3) 
z2  z3 

+(i^)(r-v6)(f^)(M+^ 

Ef  .  Ay.  =  a  (l  +  -)  (M  +  Q6)  +  ^  (1  +  COS  a) 

Qd  (2  a—  a  cos  a:    ,  ,     \ 

-^—   : +  cos- a 

2  zt  \        sin  a  / 

-  -sin  a  (M  +  Q6)  +  -  (l  +  -)  (fi  -  a)  (M  +  Qh) 
zx  r2  \        zj 

(sin  P  -  sin  a)  (M  +  Qh) 

z9 
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Qi  Or 

—  —  (cos  a  —  cos  /?)  +  J-3  (sin2  /?  -  sin2  a) 


♦*('+3M<"  +  « 


Z9  2,  2  2„ 


d2 


It  will  be  observed  that  both  (J)  and  (K)  have  the  general  form, 

Ef  •   A  =  crV  +  c2Q  {S) 

where  cx  and  c2  are  constants  depending  entirely  upon  the  dimensions 
and  configuration  of  the  link.     Since  however, 

M  =  kQ 

we  have  lxa  =  c'Q,     lya  =  c"Q  (9) 

where  c'  and  c"  are  other  constants.     Equation  (9)  shows  that  the 
change  in  the  length  of  either  axis  is  directly  proportional  to  the  load. 


APPENDIX  D 

ANALYSIS  OF  STUD-LINK. 

When  the  link  has  a  transverse  stud,  as  shown  in  Fig.  37,  the 
analysis  of  the  stresses  is  much  more  complicated  than  in  the  case  of 
the  open  link.  Hence  we  shall  give  here  only  the  general  method  of 
attack  and  the  final  equations. 

Referring  to  Fig.  37,  let  2  S  denote  the  pressure  between  the  end  of 
the  stud  and  the  side  of  the  link.    Then  one-half  of  this  pressure  may 


Fig.  37. 

be  considered  as  acting  on  the  quadrant  AB  of  the  link;  and  to  simplify 
the  work,  we  shall  assume  the  line  of  action  of  this  force  S  to  lie  in 
the  minor  axis  of  the  link.  The  quadrant  AB  is  therefore  subjected 
to  the  external  force  Q  and  moment  M,  as  before,  and  in  addition  to 
the  transverse  force  S. 

The  introduction  of  this  force  S  gives  rise  to  new  terms  in  the  ex- 
pressions for  the  normal  force  and  bending  moment  at  any  section. 
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Assuming  the  link  quadrant  to  be  made  up  of  three  circular  arcs  and 
a  straight  part,  as  shown  in  Fig.  33,  we  readily  obtain  the  following 
results : 

For  arc  BE, 

P  =  -r^~  —  Q  cot  a  cos  6  +  S  cos  6, 
sin  a  r  • 

Mb=  M  +  Qb  -~^—  +  Qdcot  a  cos <I>-S  (a  +  e-  d+  dcos<j>). 


For  arc  EF, 


For  arc  FG, 


P  =Qsm<j>  +  S  cos  <£, 
Mb  =  M  +  Qfc  -  Qr2  sin  0  -  S  (a  +  6  -t+  r2  cos  0). 

P  =  Q  sin  <£  +  S  cos  $, 

Mb  =M  +  Qr3  -  Qr3  sin  </>  -  S  (e  +  r3  cos  0). 


f   P  =  <?, 

For  straight  part  GA , 

(  M6  =  M  —  £>  [e  —  u). 

From  these  expressions  for  P  and  M6  we  may  derive  expressions 
for  £0  and  co  as  in  Appendix  C  for  open  links. 

We  have  in  the  case  of  the  stud  link  two  unknown  quantities  to 
determine,  the  force  S  and  the  moment  M  at  the  section  A:  hence  we 
must  obtain  two  relations  between  M,  S,  and  Q.  As  in  the  analysis 
of  the  open  link,  one  equation  is  found  from  the  relation 

J '•Sec.  A 
co.dcf>  =  0.  (1) 

Sec.  R 

To  obtain  a  second  relation,  we  make  use  of  the  fact  that  the 
decrease  in  the  length  of  the  minor  axis  must  be  equal  to  the  decrease 
in  the  length  of  the  stud.  Now  an  expression  for  the  change  of  the 
minor  axis  may  be  found  by  the  met  hod  of  Appendix  C,  using 
equations  (0/).  The  length  of  the  Btud  may  be  taken  as  2b  -  d: 
hence  if  FJ  and  /'  denote  respectively  the  modulus  of  elasticity  of  the 
material  of  the  stud  and  the  average  area  of  cross-section,  we  have 

o  ,9  (26  -  d) 
decrease  of  length  =  t^t, (2) 
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One-half  of  this  decrease  of  length  is  equal  to  Aya  the  change  of  the 
Y-  coordinate  of  the  point  A  of  the  link.     We  have  therefore, 

-A^^f^.  (3) 

Ef 
If  now  we  denote  by  k  the  ratio  ^777  we  obtain  finally 

-Ef.  Aya  =  kS(2b-d).  (4) 

Equation  (4)  gives  a  second  relation  between  M,  S  and  Q. 
The  following  simultaneous  equations  are  finally  obtained: 

AXM  =  B,Sd  -  Cfid, ) 

A2M  =  B2Sd  -  C2Qd, )  (  } 

in  which  the  coefficients. have  the  following  values : 

'.=°KK(1+>-")+tK.)(I->)+I6r 

B,.„(1+1)»_±£^+Isto<,+  (1+1)(^)(,.„) 

+  -  (sin  /?  —  sin  a) 

cos  a ) cos  a  —  cos  a) cos  B. 

zx  Vsm  a  J     z2  z3 

A2  =  a(l  +  -J sina:+-(l  +  ~  J  (/?  -  «  ) (sin/?—  sin  a) 

-  -  (1  -  sin  0) 

—  - —  (d  +  sin  a  cos  a) 
2  2, 
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1     r 

-  - —  -?  {ft  -a  +  sin  /?  cos  ^  -  sin  a  cos  a) 
zz2  a 

♦ipf-v-**+5(,+5e--^ 

^2  =aj(l  +  ~) \~^ cos  a  ) (~7  sin  a-  1) 

d  V        V     ^Vsina  /     zx  \d  J 

-  -i-  (a  cot  a  +  COS2  a)  +  — /l  +  -)  (/?  -  a) 

It,  ox      1  h   ,  .    rt  x 

(cos  a  -  cos  /?) sin  B  -  sin  a) 

22d  22d 

-  i  *-£ (1  -  smfi)  +  ~-^  (1  -  sin2  0). 
z3  a  2  z3  a 

These  coefficients  are  first  determined  from  the  known  constants 
zv  z2,  and  z3,  and  the  known  dimensions  of  the  link.  The  solution  of 
Eqs.  (5)  then  gives  the  values  of  M  and  S,  and  from  these,  values  of 
the  normal  force  P  and  moment  Mb  for  any  section  are  readily  found. 
Having  P  and  Mb}  the  stress  at  any  point  of  the  cross  section  is  found 
from  the  general  equation  (C). 

With  the  open  link  the  greatest  tensile  stress  is  either  at  the  end 
or  at  the  side  of  the  link,  that  is,  at  sections  on  the  major  or  minor 
axis.  See  Fig.  26.  In  the  case  of  the  stud  link,  the  greatest  tensile 
stress  is  usually  at  a  point  on  the  inside  of  the  link  at  sonic  distance 
from  the  end  of  the  minor  axis.  See  Fig.  27.  To  determine  the  exact 
position  of  the  section  of  maximum  tension,  we  insert  the  expressions 
for  P  and  Mb  in  (C)  and  thus  obtain 

S  =  c  +  m  (Q  sin  $  +  S  cos  <£), 

in  which  c  and  m  are  constant  for  all  sections. 
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Taking  the  first  derivative,  we  get 
dS 


, .  =  m  (Q  cos  </>  —  &  sin  ^>), 
09 


and  equating  this  to  zero,  we  find 

f  =  tan  <f>. 
o 

Hence  at  the  section  for  which 

^>  =  tan-1f» 

the  tensile  stress  will  be  a  maximum. 
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COMPARATIVE  TESTS   OF  CARBON,  METALLIZED 
CARBON  AND  TANTALUM  FILAMENT  LAMPS 

By  T.  H.  Amrine,  B.  S.,  First  Assistant,  Department  of  Electrical 
Engineering,  Engineering  Experiment  Station 

At  the  present  time  there  are  only  three  types  of  incandes- 
cent lamps  having  a  wide  enough  commercial  use  to  make  them  im- 
portant factors  in  incandescent  lighting.  The  first,  and  by  far 
the  most  widely  used,  is  the  familiar  carbon  filament  lamp,  which 
inordinary  sizes  gives  an  efficiency  seldom  exceeding  3.1  watts 
per  candle  power  with  an  effective  life  of  approximately  500  hours. 
The  second  type  is  also  a  carbon  filament  lamp,  but  the  carbon  by 
the  process  through  which  it  passes  in  manufacture  is  given  some- 
what the  characteristics  of  a  metal,  and  for  this  reason  is  called 
the  metallized  filament  lamp.  The  manufacturers  have  claimed 
for  it  an  efficiency  of  about  2.5  watts  per  mean  horizontal  candle 
power.  In  the  third  type  the  filament  is  made  of  the  metal  tanta- 
lum and  there  is  claimed  for  it  an  efficiency  of  about  2  watts  per 
candle. 

It  is  the  purpose  of  this  bulletin  to  give  the  results  of  tests 
made  upon  these  lamps  in  the  laboratory  of  the  Electrical  En- 
gineering department  of  the  University  of  Illinois,  with  the  view  of 
bringing  out,  if  possible,  the  good  points  of  each  lamp  together 
with  any  other  facts  that  will  help  in  the  selection  of  the  proper 
type   for   any    particular   purpose.     Especial    care    was   taken 


The  writer  wishes  to  acknowledge  his  indebtedness  to  J.  M.  Bryant,  Associate  in  Electric- 
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R.  T.  Calloway,  L.  G.  Schumacher,  O.  M.  Ward  and  W.  R.  Scott,  of  the  Class  of  1907  in  Elec- 
trical Engineering. 
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throughout  all  the  work  to  make  the  conditions  under  which  the 
tests  were  conducted  exactly  the  same  for  each  type  of  lamp  in 
order  to  have  a  fair  basis  of  comparison  between  types.  Although 
comparative  rather  than  absolute  results  have  been  particularly 
striven  for  it  is  felt  that  dependable  quantitative  values  have 
been  obtained. 

Description  of  Lamps* 

The  lamps  chosen  for  the  tests  were  selected  from  a  lot  of 
100  of  each  type  of  lamp.  These  were  bought  directly  from  the 
manufacturer,  a  well  known  and  reliable  incandescent  lamp  com- 
pany. 

Ratings. — The  carbon  lamp  was  rated  by  the  manufacturer  at 
25  candle  power  at  110  volts  with  an  efficiency  of  3.1  watts  per 
candle.  The  metallized  filament  lamps  were  rated  at  50  watts  at 
110  volts,  no  mention  being  made  of  candle  power  on  label.  The 
tantalum  lamps  had  a  rating  of  22  candle  power  at  110  volts. 

Filaments. — The  filaments  of  the  carbon  lamp  were  of  the  fa- 
miliar single-loop  type  anchored  in  the  middle  of  the  loop.  They 
had  a  smooth  uniform  appearance  and  were  of  the  steel-gray  color 
common  to  all  properly  flashed  carbon  filaments.  The  filaments 
of  the  metallized  lamp  were  not  so  smooth  in  appearance  as  those 
of  the  carbon  lamp.  They  had  a  kinked  appearance,  which,  ac- 
cording to  the  statement  of  the  manufacturer,  was  due  to  the  meth- 
od of  treating  the  filament  and  in  no  way  affected  the  efficiency  of 
the  lamp.  The  color  was  steel  gray,  slightly  darker  than  the  car- 
bon filament.  The  filaments  were  double,  consisting  of  two  horse- 
shoe loops,  the  inside  ends  of  which  were  attached  to  a  common 
anchor.  The  tantalum  filaments  were  very  fine  and  long,  as  was 
necessitated  by  the  rather  low  specific  resistance  of  the  metal  tan- 
talum. They  were  mounted  in  the  well  known  zigzag  fashion  upon 
supporting  spires.  The  color  was  a  silver-gray  with  a  metallic 
luster.  Fig.  1  is  a  photograph  of  the  three  types  of  lamps  used 
in  the  tests.  Table  1  gives  the  approximate  effective  dimensions 
of  the  three  types  of  filaments. 


*  At  the  time  these  tests  were  started,  tungsten  Lamps  oould  not  be  purchased  on  the  mar- 
ket. In  the  matter  of  current  consumption. life  and  candle  power  maintenance  these  lann 
much  superior  to  the  three  kinds  tested.  The  manufacturers  claim  an  ethoieney  of  l  watt  per 
candle  with  a  life  of  1000  hours  with  a  decrease  in  candle  power  of  only  10  per  cent.  However. 
as  is  the  case  with  the  tantalum  lamps,  they  are  rather  delicate  and  require  even  more  care- 
ful handling. 
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Carbon 


Metallized 
Fig.  1 

TABLE  1 


Tantalum 


Filament 

Effective  Length 
inches 

Mean  Diameter 

Effective  Area 
square  inches 

Carbon 

9.4 

.0060 

.   .1774 

Metallized 

9.5 

.0037 

.1108 

Tantalum 

23.4 

.0018 

.1324 

Bulbs. — The  shapes  of  the  bulbs  and  their  comparative  sizes 
are  shown  in  Fig.  1.  Those  of  the  carbon  and  metallized  lamps 
are  of  the  same  size  and  shape,  having  a  length  over  all  of  5  tV  in.» 
a  maximum  diameter  of  2f  in.  and  a  minimum  diameter  of  l£  in. 
The  tantalum  lamp  is  about  5i  in.  in  length  and  has  a  maximum 
diameter  of  2£4  in.  tapering  to  a  minimum  diameter  of  lyl  in., 
thus  making  the  sides  much  more  nearly  parallel  than  in  the 
case  of  the  carbon  and  metallized  lamps. 
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Electrical  Characteristics 

The  three  types  of  lamps  differ  radically  in  their  temperature 
characteristics.  The  carbon  filament  has  a  negative  temperature 
coefficient;  that  is,  its  resistance  decreases  as  the  temperature  in- 
creases. On  the  other  hand,  on  account  of  the  treatment  which 
it  has  undergone  in  manufacture,  the  metallized  carbon  filament 
has  a  positive  temperature  coefficient  similar  to  the  metals  when 
in  the  incandescent  stage.  The  tantalum  filament,  being  of  met- 
al, has,  of  course,  a  positive  coefficient.  Fig.  2  plainly  shows  the 
increase  of  resistance  with  the  increase  of  temperature  in  the  met- 
allized and  tantalum  filaments  and  the  opposite  effect  in  the  car- 
bon after  reaching  the  incandescent  stage.  At  lower  temperatures 
the  change  is  probably  greater  than  after  it  becomes  incandes- 
cent, especially  in  the  carbon  lamp. 
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Fig.  2    Filament  Temperature,  Degrees  Cent. 

As  a  result  of  the  positive  coefficients  of  the  metallized  and 
tantalum  filaments,  the  lamps  Hash  up  to  full  incandescence  much 
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more  quickly  than  the  carbon  lamp.  When  the  current  is  turned 
on,  the  filament,  being  cold,  has  a  low  resistance  and  there  is  a 
rush  of  current  considerably  above  normal.  This  excessive  cur- 
rent is  rapidly  cut  down  as  the  lamp  reaches  incandescence  on 
account  of  the  increase  in  resistance.  The  carbon  lamp,  having 
the  greatest  resistance  when  cold,  allows  but  a  comparatively 
small  current  to  pass  at  first,  but  gradually  allows  it  to  increase 
as  the  resistance  becomes  less.  This  is  beautifully  shown  by  the 
oscillograms  of  the  rise  in  current  in  the  three  lamps  shown  in 
Fig.  3.     With  the  carbon  lamp  it  is  seen  that  the  current  almost 
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instantly  rises  to  about  .35  ampere,  and  then  rises  in  almost  a 
straight  line  to  the  full  steady  value  of  current  in  about  .26  sec- 
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ond.  With  the  metallized  lamp  the  current  rises  at  once  to  about 
.45  ampere,  almost  the  full  steady  current,  then  increases  to  a  max- 
imum value  of  .55  ampere  in  approximately  .05  second,  indicating 
a  negative  temperature  coefficient  at  the  lower  temperatures.  It 
then  decreases  gradually  to  the  normal  steady  value  in  about  .16 
second.  The  curve  for  the  tantalum  lamp  indicates  that  a  rush 
of  current  takes  place  as  soon  as  the  circuit  is  closed,  reaching 
a  maximum  of  about  .93  ampere,  almost  three  times  the  full 
steady  current,  practically  instantaneously.  This  rush  of  current 
in  the  tantalum  lamp  will  probably  require  that  some  precautions 
be  observed  in  switching  feeders  heavily  loaded  with  tantalum 
lamps  onto  the  generator.  The  heavy  excess  current  at  the  first 
instant  might  easily  be  sufficient  to  damage  the  machine.  The 
current  then  rapidly  drops  to  the  normal  value  which  is 
reached  in  about  .14  second.  A  suggestion  of  these  differences 
of  action  of  the  three  lamps  can  be  noticed  when  they  are  simul- 
taneously lighted  side  by  side.  The  carbon  lamp  appears  to  come 
at  once  to  a  rather  dull  incandescence  and  then  gradually  increases 
to  its  maximum  brilliancy.  The  metallized  lamp  appears  to  reach 
at  once  its  normal  incandescence  without  any  later  change  while 
the  tantalum  lamp  bursts  forth  immediately  in  brilliant  incandes- 
cence and  then  subsides  gradually,  giving  the  effect  of  a  flash  at 
the  first  instant. 

The  candle  power  voltage  characteristic  curves  in  Fig.  4  also 
show  important  differences  in  the  three  types  of  filaments.  At  80 
volts,  the  carbon  filament  starts  at  the  lowest  value  for  the  three 
lamps,  and  rises  rapidly  until  at  normal  voltage  and  above,  it  has 
the  greatest  candle  power.  The  tantalum  filament  takes  the  high- 
est position  at  the  80- volt  point  and  increases  more  gradually  un- 
til at  normal  voltage  and  above,  it  has  the  lowest  candle  power. 
The  metallized  filament  curve  takes  an  intermediate  position.  The 
equations  for  these  curves  obtained  by  the  method  of  least  squares 
from  the  experimental  data  are: 

For  the  carbon  lamp 

GP  =  143.5  X  10"u  X  I 

For  the  metallized  lamp 

GP  =  50.7  X  10"D  x  E 

For  the  tantalum  lamp 

GP  =  166.4  X  10"10  X  / 


AMRINE — COMPARATIVE   TESTS   OF   LAMPS 


Below  is  shown  a  table  exhibiting  the  change  in  candle  power  for 
an  increase  of  5  per  cent  in  the  voltage  and  for  a  decrease  of  5  per 
cent  in  voltage  from  the  normal. 

TABLE  2 


Lamp 

C.  P.  Increase  for  Five  per 
cent  Increase  in  Voltage 
above  Normal 

C.  P.  Decrease  for  Five  per 
cent  Decrease  in  Voltage 
below  Normal 

Carbon 

7.3    or    33.2    per  cent 

6.8    or    31.0    per  cent 

Metallized 

5.6    or    25.7    per  cent 

5.8    or    27.6    per  cent 

Tantalum 

4.4    or    22.0    per  cent 

4.8    or    24.0    per  cent 
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The  change  in  efficiency  or  watts  per  candle  is  also  shown  in 
Fig.  4,  indicating  a  wide  difference  in  favor  of  the  tantalum  lamp 
throughout  the  range  of  voltage.  The  curves  showing  the 
change  of  resistance  with  the  voltage  (Fig.  5)  indicate  that  the 
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Fig.  5   Curves  Showing  Change  of  Resistance  With  Voltage 

tantalum  and  the  metallized  filaments  tend  to  regulate  for  con- 
stant current.  In  these  filaments  the  resistance  rises  with  the 
voltage.  Hence  in  a  poorly  regulated  circuit,  when  there  is  an 
increase  in  pressure,  the  resistance  of  the  filament  becomes  great- 
er on  account  of  the  increase  in  temperature.  This  prevents 
such  a  great  rise  in  current  and  candle  power.  When  the  pres- 
sure drops  the  resistance  is  decreased,  thus  preventing  such  a 
large  decrease  in  current  and  candle  power.  With  the  carbon 
lamp  the  change  in  resistance  is  such  that  it  tends  to  aggravate 
the  effects  of  a  fluctuating  voltage.  When  the  voltage  increases 
there  is  a  decrease  in  resistance.  This  decrease  in  resistance 
adds  to  the  change  in  current  naturally  brought  about  by  the  in- 
crease in  pressure  and  the  result  is  a  very  rapid  change  in  cur- 
rent and  candle  power.  For  a  decrease  in  voltage,  of  course,  the 
reverse  is  true;  a  drop  in  voltage  causing  a  rise  in  resistance, 
the  change  in  both  of  them  being  in  the  direction  to  decrease  the 
current  and  candle  power. 
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Distribution 

Horizontal  and  vertical  distribution  curves  for  the  different 
lamps  when  new  and  after  800  hours  of  burning  are  shown  in  Fig.  6 
to  14.  The  small  figure  below  each  set  of  curves  indicates  the 
position  of  the  filament  in  each  case.  The  horizontal  distribution 
in  all  three  lamps  evidently  changes  equally  in  all  directions  after 
a  period  of  burning.  That  for  the  tantalum  lamp  would  be  almost 
a  circle  except  for  the  influence  of  the  leading- in  wires.  These 
cause  a  minimum  point  on  the  side  nearest  to  them.  The  vertical 
distribution  of  the  carbon  and  metallized  lamps  changes  but  little 
after  800  hours  of  service.  That  of  the  tantalum,  however, 
changes  to  a  marked  extent;  the  candle  power  for  the  position 
30°  from  the  tip  of  the  lamp  being  greater  after  burning  the  800 
hours  than  when  new.  The  change  in  the  spherical  reduction  fac- 
tor (the  constant  for  changing  mean  horizontal  candle  power  to 
mean  spherical  candle  power)  of  the  lamps  during  their  life  gives 
a  good  indication  of  the  way  the  distribution  changes.  Following 
is  a  table  of  these  values  for  three  periods  of  life. 

TABLE  3 


Lamp 

Spherical  Reduction  Factors 

New 

400  Hours 

800  Hours 

Carbon 

.810 

.805 

.794 

Metallized 

.803 

.805 

.801 

Tantalum 

.787 

.811 

.865 

The  causes  of  this  change  in  the  distribution  of  the  intensity 
in  the  tantalum  lamp  must  be  due  principally  to  the  change  in  the 
character  of  the  surface  of  the  filament  after  burning.  The  micro- 
photographs  of  the  filaments  shown  in  Fig.  30  indicate  how  rough- 
ened and  pitted  they  become  after  burning  for  a  few  hundred 
hours.  The  irregularities  of  the  surface  cause  the  light  to  be 
radiated  and  reflected  from  their  surfaces  more  and  more  in  a  di- 
rection parallel  with  the  length  of  the  filament  as  the  period  of 
burning  increases.     This,   of  course,  shifts  the  maximum  of  in- 
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Fig.  6   Horizontal  Distribution  of  Carbon  Lamf  When  Nkw 
and  After  800  Hours  of  Burning 


AMRINE — COMPARATIVE   TESTS   OF   LAMPS 


11 


270° 


Fig.  7   Horizontal  Distribution  of  Metallized  Lamp  When 
New  and  After  800  Hours  of  Burning 
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Fig.  8    Horizontal   Distribution  of  Tantalum  Lamp    When 
New  and  After  800  Hours  of  Burning 
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Fig.  9    Vertical  Distribution  at  90°  Azimuth  of  Carbon  Lamp 
When  New  and  After  800  Hours  of  Burning 
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270° 


Fig.  10    Vertical  Distribution  at  90°  Azimuth  of  Metallized 
Lamp  When  New  and  After  800  Hours  of  Burning 
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Fig.  12   Vertical  Distribution  at  0°  Azimuth  of  Carbon  Lamp 
When  New  and  After  800  Hours  of  Burning 
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Fig.  13   Vertical  Distribution  at  0°  Azimuth  Metallized  Lamp 
When  New  and  After  800  Hours  of  Burning 
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Fig.    14    Vertical  Distribution  at  0°  Azimuth   of  Tantalum 
Lamp  When  New  and  After  800  Hours  of  Burning 
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tensity  of  the  vertical  distribution  curves  further  from  the  hori- 
zontal. In  the  carbon  and  metallized  filaments  there  is  but  little 
change  in  the  character  of  the  surface,  and  consequently  the  dis- 
tribution in  these  lamps  changes  but  little  from  this  cause.  The 
manner  in  which  the  bulb  of  the  tantalum  lamp  discolors  after  use 
will  also  partly  explain  the  cause  of  the  change  in  distribution. 
This  discoloration  takes  the  form  of  a  band  of  black  deposit  on 
the  glass,  equal  in  width  to  the  distance  between  the  top  and  bot- 
tom supporting  spires.  Outside  of  this  band  there  is  a  deposit, 
but  it  is  much  lighter.  It  is  as  if  the  particles  of  the  metal  were 
projected  from  the  incandescent  filament  only  in  directions  normal 
to  its  surface.  The  density  of  this  deposit  in  the  band  cuts  down 
the  horizontal  intensity  a  great  deal,  but  at  the  tip,  where  the  de- 
posit is  thinner,  the  candle  power  is  decreased  by  a  much  less 
amount. 

Life  Tests 

Life  tests  were  made  of  the  three  kinds  of  lamps  under  two 
different  conditions.  Ten  lamps  of  each  kind  were  put  through 
the  life  and  efficiency  test  upon  a  steady,  well-regulated  voltage 
supplied  by  a  storage  battery.  The  battery  was  kept  floating 
across  nearly  constant  voltage  mains  and  a  large  rheostat  was 
put  in  series  with  the  lamps  with  which  to  make  the  finer  adjust- 
ments by  hand.  The  maximum  variation  was  probably  not  more 
than  one  volt  and  the  greater  portion  of  the  time  the  voltage  was 
as  nearly  correct  as  the  portable  voltmeter  used  would  indicate. 
This  was  designated  "Condition  A"  and  represents  the  best  con- 
ditions under  which  the  lamps  would  ever  be  operated  in  practice. 
The  same  number  of  lamps  were  operated  under  adverse  condi- 
tions. A  badly  fluctuating  alternating  current  was  supplied  to 
the  lamps  and  there  was  considerable  vibration.  This  condition, 
designated  "Condition  B",  is  representative  of  very  bad  operating 
conditions.  Fig.  15  to  20  show  the  candle  power  performance  of 
each  lamp  in  the  test.  The  uniformity  of  the  lamps  under  con- 
dition A  is  noticeable,  none  of  the  curves  varying  greatly  from 
the  mean. 

Burn-outs  and  Failures. — In  the  800  hours  of  the  test  under 
condition  A  only  three  lamps  were  lost.  Of  the  two  tantalum 
lamps  lost,  one  failed  by  the  breaking  of  the  glass  stem  and  the 
leading- in  wire,  probably  due  to  the  expansion  of  the  latter.  The 
other  failed  in  30  hours  probably  on  account  of  a  fault  in  the  fila- 
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ment.  It  was  repaired  and  it  then  burned  at  a  high  candle  power 
for  a  short  time  and  then  burned  out.  The  failure  of  metallized 
filament  lamp  No.   2  was  due  to  the  fact  that  the  filaments  be- 
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came  crossed  in  placing  the  lamp  in  the  socket.  Naturally  it 
burned  at  a  very  high  brilliancy  until  the  lamp  could  be  removed 
from  the  socket  and  the  cross  shaken  out.  When  this  was  done 
and  the  lamp  returned  to  its  place,  it  burned  out  in  a  very  short 
time  due  to  the  weakening  of  the  filament  while  at  the  high  tem- 
perature. The  operation  under  condition  B  shows  less  uniformity 
for  lamps  of  any  one  kind  and  a  great  increase  in  failures  during 
the  800  hours  of  the  test.  Only  one  carbon  lamp  burned  out  be- 
fore the  test  was  ended,  however.  Five  of  the  tantalum  and  eight 
of  the  metallized  lamps  failed  during  the  800  hours  of  burning  un- 
der this  condition,  thus  showing  the  great  superiority  of  the  old 
style  carbon  lamp  on  poorly  regulated  circuits  as  far  as  reliability 
is  concerned.  The  first  two  tantalum  and  the  first  two  metallized 
lamps  that  failed  did  so  early  in  their  life  and  the  failure  was 
probably  due  to  mechanical  defects  in  the  filament.  The  failures 
due  to  natural  causes  commence  then  at  about  400  hours  in  the 
metallized  and  at  about  550  hours  in  the  tantalum  under  these  con- 
ditions. The  poor  showing  of  the  metallized  filament  is  striking, 
it  being  much  poorer  than  the  tantalum,  which  is  not  claimed  to 
give  good  life  on  alternating  current  circuits.  The  combination 
of  poor  regulation  and  vibration  seems  to  be  very  detrimental  to 
its  long  life.  Possibly  the  frequency  with  which  the  lamps  had 
to  be  handled  had  something  to  do  with  the  large  number  of  burn- 
outs although  great  care  was  taken  throughout  the  tests  not  to 
subject  the  lamps  to  shocks  or  jars. 

Candle  Power  Maintenance  and  Change  of  Efficiency 

The  curves  in  Fig.  21  and  22  show  the  relative  changes  of 
candle  power  and  efficiency  for  the  three  kinds  of  lamps,  the 
curves  representing  the  mean  performance  of  the  lamps  tested. 
The  carbon  lamp  under  condition  A  starts  out  with  a  high  candle 
power,  increases  comparatively  rapidly  for  the  first  50  hours  or  so 
then  decreases  steadily  for  the  remainder  of  the  test.  The  tanta- 
lum lamp  rises  very  rapidly  for  the  first  20  hours  of  the  test,  then 
more  slowly  until  the  end  of  the  first  100  hours,  after  which  the 
candle  power  decreases  more  slowly,  after  400  hours  its  candle 
power  being  greater  than  that  of  the  carbon.  The  metallized 
lamp  changes  less  than  either  of  the  others.  It  rises  during  the 
early  period  of  burning,  remains  almost  constant  for  a  time, 
decreasing  slowly  in  candle  power  during  the  remainder  of  its  life. 
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The  metallized  lamp  changes  no  more  in  efficiency  than  it 
does  in  candle  power.  The  carbon  lamp  changes  rapidly,  becom- 
ing less  and  less  efficient  with  respect  to  the  metallized  filament. 
The  tantalum  lamp  becomes  relatively  more  and  more  efficient 
than  the  metallized  lamp  during  the  first  250  hours  and  then  tends 
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to  drop  off  and  approach  it  in  efficiency.  When  operating  under 
condition  B  the  changes  in  candle  power  and  efficiency  are  much 
the  same  except  that  the  changes  occur  more  rapidly.  It  is  no- 
ticeable that  in  this  case  the  carbon  lamp  starts  out  with  the  high- 
est candle  power,  but  after  500  hours  of  burning  it  has  the  lowest. 
Its  decrease  in  efficiency  is  correspondingly  rapid.  Under  con- 
dition B  the  tantalum  lamp  no  longer  becomes  less  efficient  rela- 
tively to  the  metallized  lamp  as  the  period  of  burning  increases 
as  it  does  under  condition  A.  Its  efficiency  curve  tends  to  fall 
further  and  further  below  that  of  the  metallized  lamp. 

The  reason  why  the  tantalum  and  metallized  filament  lamps 
show  a  better  efficiency  than  the  carbon  is  of  considerable  inter- 
est. There  is  no  doubt  that  the  greater  amount  of  the  superior 
efficiency  of  the  newer  types  of  lamps  is  due  to  higher  filament 
temperatures.  As  is  well  known,  when  a  solid  body  is  heated,  at 
first  only  the  long,  low  frequency  heat  waves  appear,  then  the 
red  light  waves,  and  as  the  temperature  is  further  increased, 
wave  lengths  corresponding  to  the  other  colors  of  the  spectrum 
through  the  violet  and  ultraviolet  appear.  If  for  any  tempera- 
ture we  measure  by  means  of  the  bolometer  the  intensity  of  radia- 
tion at  points  throughout  the  visible  and  invisible  portions  of  the 
spectrum  and  plot  these  values  against  the  wave  lengths,  we  get 
a  curve  similar  to  curve  A  in  Fig.  23,  having  a  maximum  at  some 
point,  m.  The  visible,  that  is,  the  light-giving  portion  is  shown 
unshaded.  As  the  temperature  is  increased,  the  maximum  of  this 
curve  moves  toward  the  region  of  shorter  wave  lengths,  as  shown 
in  the  curve  B.  There  is,  however,  an  increase  in  the  length  of 
each  ordinate  so  that  the  curve  does  not  move  bodily  down  the 
spectrum  with  an  increase  in  temperature,  but  the  ordinates  of 
the  energy  curve  move  toward  the  shorter  wave  lengths  by  an 
amount  such  that  the  product  of  the  corresponding  abscissas  and 
the  temperature  remains  constant  for  each  ordinate.  It  is  seen 
then  that  the  visible  portion  of  the  spectrum  is  a  greater  propor- 
tion of  the  entire  spectrum  than  at  the  lower  temperature  and 
hence  a  better  light  efficiency  results.  If  we  remember  that  the 
velocity  with  which  the  molecules  of  a  body  are  moving  increases 
with  the  temperature,  then  we  can  in  a  general  way  see  why  it 
is  that  the  point  of  maximum  intensity  in  a  continuous  spectrum 
is  shifted  toward  the  violet  as  the  temperature  increases. 
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Fig.  23    Wave  Length 

The  curves  between  temperature  and  candle  power  per  square 
inch  of  filament  area,  or  emissivity,  shown  in  Fig.  24,  indicate 
that  the  tantalum  filament  has  a  lower  and  the  metallized  a  high- 
er emissivity  than  the  carbon  filament.  Since  emissivity  is  vital- 
ly connected  with  the  light  efficiency  of  an  incandescent  body,  the 
difference  in  the  relative  positions  of  the  emissivity  curves  of  the 
metallized  and  tantalum  lamps  with  respect  to  the  carbon  seems 
to  indicate  that  a  part  of  the  better  efficiency  of  the  two  newer  fil- 
aments is  due  to  different  causes. 

The  tantalum  filament,  having  a  lower  emissivity  than  the 
carbon  filament,  requires  less  energy  to  maintain  the  same  tem- 
perature than  the  carbon;  that  is,  the  lower  emissivity  of  the  tan- 
talum filament  gives  it  a  better  efficiency  than  the  carbon  at  the 
same  temperature.  This  is  in  addition  to  the  fact  that 
tantalum  has  a  greater  atomic  weight  and  a  higher  vapor 
tension  point  than  carbon,  thus  allowing  it  to  be  operated  at  a 
higher  temperature  with  the  consequent  better  efficiency. 

Since  the  metallized  filament  has  a  higher  emissivity  than 
the  carbon  filament  it  must  require  a  greater  input  of  energy  per 
square  inch  of  surface  to  maintain  a  given  temperature.  Experi- 
ment shows  that  the  input  of  the  metallized  lamp  is  about  460 
watts  and  the  carbon  about  410  watts  per  square  inch  of  filament 
area  at  a  temperature  1720°  C.  To  give,  as  it  does  even  at  equal 
temperatures,  a  better  watt  per  candle  efficiency  it  must  then  give 
off  a  greater  proportion  of  light  energy  to  heat  energy  than  the 
carbon  lamp.     Since  the  carbon  filament  is  approximately  though 
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Fig.  24    Filament  Temperature,  Degrees  Cent. 

only  approximately,  equivalent  to  the  theoretical  solid  black  body 
this  fact  seems  to  show  that  the  greater  efficiency  of  the  metallized 
filament  must  be  due,  at  least  in  part,  to  a  sort  of  selective  ra- 
diation. That  is,  it  radiates  either  a  greater  proportion  of  its 
energy  within  the  range  of  the  visible  spectrum  than  a  black 
body  or  a  smaller  proportion  in  the  invisible  range.  In  Fig.  25 
and  26  the  dotted  curves  show  the  radiation  from  a  solid  black 
body.  Fig.  25  shows  the  curve  for  a  body  having  at  the  same 
temperature  almost  the  same  radiation  outside  the  visible  spectrum 
but  a  much  greater  radiation  within,  while  in  Fig.  26  is  shown  the 
curve  for  a  body  having  practically  the  same  radiation  within  the 
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Fig.  25    Wave  Length 


Fig.  26    Wave  Length 


visible  portion  of  the  spectrum,  but  a  much  less  radiation  without 
than  in  the  case  of  a  black  body.  In  one  of  these  cases  the  metal- 
lized filament,  no  doubt,  falls.  In  both  cases,  however,  there  is 
an  increase  in  efficiency  due  to  selective  radiation. 

In  the  curves  between  watts  per  candle  and  filament  temper- 
ature, there  is  another  indication  that  the  high  efficiency  of  the 
metallized  and  tantalum  lamps  is  due  to  different  causes.  It  is 
seen  in  the  curves  of  Fig.  27  that  at  ordinary  efficiencies  the  tan- 
talum is  the  lowest,  the  metallized  next,  while  the  carbon  is  the 
highest.  However,  at  about  1830°  C. ,  the  curves  for  the  metal- 
lized and  tantalum  filaments  cross  and  hence  for  higher  tempera- 
tures the  metallized  filament  has  the  better  efficiency.     When  the 
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curves  are  produced  to  about  1875°  C,  the  curve  for  the  tantalum 
filament  crosses  that  for  the  carbon  so  that  beyond  this  point  the 
latter  would  be  more  efficient  if  it  could  be  operated  at  such  tem- 
peratures. This  too  shows  that  it  is  due  to  the  ability  of  the  tan- 
talum filament  to  withstand  high  temperatures  without  too  rapid 
disintegration  that  it  has  so  high  an  efficiency. 

When  we  consider  the  curve  for  the  metallized  filament  with 
respect  to  that  of  the  carbon  it  is  seen  that  it  falls  below  that  of 
the  latter  and  tends  to  fall  further  below  it  at  the  higher  temper- 
atures; that  is,  as  the  temperature  is  increased,  the  metallized 
filament   becomes  relatively   more  and    more   efficient  for   any 
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given  temperature.  Evidently  then  it  is  due  not  so  much  to  its 
ability  to  withstand  high  temperatures  that  the  metallized  fila- 
ment is  the  more  efficient  but  rather  to  a  selective  radiation  that 
becomes  more  and  more  pronounced  as  the  temperature  is  in- 
creased. 

Connected  closely  with  the  life  of  the  lamps  is  the  condition 
of  the  filaments  after  a  period  of  burning.  The  carbon  filament 
is  shown  in  the  micro-photographs*,  Fig.  28,  when  new,  after  1000 


Fig.  28    Carbon  Filament 


hours'  burning  under  condition  A  and  after  800  hours'  burning 
under  condition  B.  Little  or  no  disintegration  or  breaking  up  of 
the  filament  is  shown.  It  is  almost  as  smooth  and  strong  looking 
after  800  hours  of  the  hard  service  as  it  was  when  it  was  new. 
Fig.  29  shows  the  micro- photographs  of  the  metallized  filaments 
when  new,  after  1000  hours  under  condition  A  and  800  hours  un- 
der  condition  B.     It  is  seen  that   after  the   different  periods   of 


Fig.  29     Metallized  Filament 

♦Taken  by  Mr.  David  Klein,  Department  of  Chemistry  of  University  of  Illinois. 
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burning,  the  filament  is  not  quite  as  smooth  as  when  new,  but  is 
pitted  somewhat  and  has  decreased  in  size  a  little.  The  most  re- 
markable change,  however,  is  shown  in  the  case  of  the  tantalum 
filament  in  Pig.  30.     When  new  it  is  smooth  and  cylindrical,  show- 


Fig.  30     Tantalum  Filament 


ing  slight  pittings  or  markings.  After  1000  hours  under  condi- 
tion A  it  has  roughened  up  a  great  deal, being  covered  with  notches 
and  ridges  due  perhaps  to  unequal  evaporation  of  the  filament. 
The  filament  burned  on  alternating  current  shows  a  greater 
change  even  than  that  burned  under  condition  A.  It  appears  to 
have  a  sort  of  a  segmented  structure;  in  fact,  in  places  along  the 
filament  it  appears  as  if  small  sections  had  fallen  out  a  part  of  the 
way  and  had  been  caught  and  welded  again.  When  the  filament 
is  in  this  condition  even  a  slight  jar  will  serve  to  shatter  the  en- 
tire filament.  One  lamp  after  burning  for  almost  800  hours 
under  condition  B  was  dropped  a  short  distance.  After  being 
lighted  it  was  found  that  the  filament  had  been  broken  and  weld- 
ed together  again  in  no  less  than  eight  places. 

A  summary  of  the  performance  of  the  lamps  on  the  life  and 
efficiency  tests  is  shown  in  Table  4,  together  with  a  table  of  the 
costs  of  energy  and  renewals  at  different  rates  per  kilowatt-hour. 
This  latter  table  is  shown  graphically  in  the  curves  of  Fig.  31  and 
32.  These  curves  are  plotted  between  "Total  cost  in  cents  per 
candle  power  hour  for  lamps  and  energy"  as  ordinates  and  "Cost 
of  energy  per  kilowatt-hour"  as  abscissas.  Fig.  31  shows  the 
curves  for  lamps  operating  under  condition  A,  that  is,  upon  a 
very  well  regulated  direct   current  circuit,    while  Fig.  32  is  for 
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TABLE  4 
Summary  of  Life  and  Efficiency  Tests 


Operating  Condition 


Carbon 


Metallized 


Tantalum 


Av.  Mean  Horizontal  C.  P. 

(a)    (new) 

24.9 

25.2 

20.6 

20.5 

19.8 

19.8 

(b)    (400  hrs.) 

19.7 

16.4 

18.1 

16.1 

19.9 

16.5 

(c)     (800  hrs.) 

16.5 

12.3 

14.9 

14.2 

17.2 

14.8 

Spherical  Reduction  Fac- 

tor (a)    (new) 

.810 

.803 

.797 

(b)    (400  hrs.) 

.803 

.805 

.811 

(c)     (800  hrs.) 

.794 

.801 

.865 

Av.  Spherical  Candle  Pow- 

er   (a)    (new) 

20.2 

20.4 

16.6 

16.5 

15.8 

15.8 

(b)    (400  hrs.) 

15.8 

13.2 

14.6 

13.0 

16.1 

13.4 

(c)     (800  hrs.) 

13.1 

9.8 

11.9 

11.4 

14.9 

12.8 

Av.  Watts  per  Lamp 

73.3 

72.6 

51.9 

51.8 

42.0 

39.7 

Av.  Initial  Watts  per  C.  P. 

3.00 

3.1 

2.62 

2.62 

2.02 

1.99 

Rated  Watts  per  C.  P. 

3 

.1 

2 

5 

2. 

0 

Total  Lamp  Hours 

8180 

7766 

7963 

4900 

6779 

6123 

Total  Candle  Power  Hours 

165236 

135905 

144130 

80905 

137614 

105928 

Total  Kilowatt  Hours 

599.6 

563.8 

413.3 

253.8 

284.7 

243.] 

No.  Burnouts  in  800  Hrs. 

0 

1 

1 

8 

2 

4 

Cost  of  Lamps  Each 

$ 

17 

$ 

25 

$. 

51 

Total  Cost  Lamps  &  Re- 

newals 

$1.70 

$1.87 

$2.75 

$4.08 

$6.12 

$6.83 

Cost  of  Power  Per  Kw. 

Hr. 

$.01                              f 

$  .00466 

$  .00553 

$  .00477 

$  .00818 

$  .00652 

1  .0092 

$.03 

$  .0119 

$  .0138 

$  .0105 

$  .0144 

$  .0107 

$  .0133 

$  .05         Total  Cost 

$   .0192 

$  .0221 

$  .0162 

$  .0207 

$  .0148 

$  .0179 

$  .07          of  Lamps 

$  .0264 

$  .0305 

*  .0220 

$   .0270 

$  .0189 

9  .0225 

$  .10         and  Erie rgy 

$   .037:} 

$  .0429 

$  .0306 

$  .0364 

s   .0252 

9  .0295 

$.12        PerC.P.lfr. 

$  .0447 

$  .0512 

$   .03(13 

$   .0427 

$   .0293 

$  .0343 

$.15 

$   .0555 

$  .0631 

9   .0449 

$   .0520 

$  .0356 

$  .0418 

*  .-_>«) 

$  .0736 

$   .0843 

$   .0593 

$   .0678 

$  .0459 

$   .0524 
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Fig.  31    Cost  of  Energy  Per  K.  W.  Hour 

lamps  upon  poorly  regulated  alternating  current  circuit  with 
some  vibration,  that  is,  condition  B. 

Considering  the  curve  for  the  carbon  lamp  working  under 
condition  A  it  is  seen  that  for  very  low  prices  per  kilowatt- hour 
for  power,  this  lamp  is  the  most  economical  on  account  of  the 
small  number  of  burn-outs  and  the  low  cost  of  the  lamps.  For 
costs  of  power  from  $.011  to  $.022  per  kilowatt-hour  the  metal- 
lized lamp  gives  the  lowest  cost,  while  for  all  the  higher  prices  of 
energy  the  tantalum  gives  the  best  economy.  For  condition  B 
the  relative  performance  does  not  change  a  great  deal,  though 
on  account  of  the  large  number  of  burn-outs  with  the  metallized 
lamp  at  no  time  does  it  give  the  most  economical  results. 

These  results  seem  to  show  that  so  far  as  economy  of  oper- 
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Fig.  32    Cost  of  Energy  Per  K.  W.  Hour 

ation  goes,  the  metallized  lamp  has  practically  no  field  in  incan- 
descent lighting.  From  the  standpoint  of  low  cost  of  renewals, 
an  important  item  with  lighting  companies  that  furnish  free  re- 
newals, it  cannot  compete  with  the  carbon  or  tantalum  lamp, 
especially  upon  poorly  regulated  circuits  and  where  there  is  vi- 
bration or  rough  usage.  In  cost  of  power  consumption  the  car- 
bon lamp  leads  for  very  low  costs  of  power,  and  the  tantalum  for 
higher  costs  of  energy.  The  metallized  lamp  seems  to  have  a 
narrow  field  upon  very  well  regulated  circuits  where  the  cost 
is  between  S.02  and  $.03  per  kilowatt-hour. 

Summary 
As  a  summary  it  might  be  well  to  consider  separately  the 
three  lamps  and   compare    them  with  respect    to  the  following 
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eight  considerations   which  determine   the  choice  of  an  incandes- 
cent lamp. 

1.  Efficiency. 

2.  Cost  of  Operation. 

3.  Maintenance  of  Candle  Power  and  Efficiency. 

4.  Life. 

5.  Quality  of  Light. 

6.  Distribution  of  Light. 

7.  Susceptibility  to  Voltage  Variations. 

8.  Ability  to  Withstand  Rough  Usage. 

1 .  Efficiency 

In  the  matter  of  efficiency  alone,  this  test  as  well  as  all  other 
tests  which  have  been  made  with  these  lamps  shows  conclusively 
that  the  metallized  lamp  is  much  superior  to  the  carbon,  and  the 
tantalum  is  as  much  superior  to  the  metallized.  The  difference 
between  3.1  watts  per  candle  and  2.0  watts  per  candle,  about  28 
per  cent,  is  sufficient  to  outweigh  almost  all  other  considerations. 
It  means  that  a  20  candle  power  metallized  or  22.5  candle  power 
tantalum  lamp  can  be  operated  with  the  same  amount  of  energy 
as  a  16  candle  power  carbon  lamp.  It  means  that  a  power  plant 
which  is  running  with  a  heavy  overload  of  carbon  lamps  would,  if 
the  carbon  lamps  were  exchanged  for  the  same  number  of  candle 
power  of  the  newer  lamps,  be  operating  at  about  normal  load 
with  the  consequent  advantages.  In  the  same  way  a  method  is 
provided  to  lighten  overloaded  feeders  without  any  decrease  in  the 
candle  power  of  light  furnished. 

2.  Cost  of  operation 

The  curves  of  Fig.  31  and  32  show  that  upon  well  regulated 
circuits  each  type  has  a  field  of  its  own  within  which  it  is  the  most 
economical.  For  Ivery  low  costs  of  power  the  carbon  lamp  gives 
the  best  economy.  Hence  particularly  for  persons  who  generate 
their  own  current  it  would  not  pay  to  change  from  carbon  to  the 
higher  efficiency  lamps,  because  in  this  case  either  the  cost  of 
power  is  low  or  else  the  fuel  bill,  the  only  item  in  which  there 
would  be  a  saving  by  using  high  efficiency  lights,  is  not  large 
compared  with  the  other  expenses  such  as  attendance  charges, 
taxes  and  interest.  When  the  cost  of  energy  is  high,  as  it  is  in 
most  cities,  the  tantalum  lamp  would  be  the  best  to  use.  The  metal- 
lized lamp  seems  to  be  restricted  to  rather  narrow  limits  of  power 
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cost  and  to  good  operating  conditions.  The  newer  types  of 
lamps  would  have  a  great  field  in  lighting  railroad  trains  and 
steamships  where  the  cost  of  power  is  always  high,  if  filaments 
were  robust  enough  to  withstand  the  shocks  and  vibrations  that 
are  usually  present.  It  seems  that  it  might  be  possible  and 
advisable  for  manufacturers  to  develop  series  tantalum 
lamps  for  this  purpose.  The  filaments  that  would  be  used 
in  a  series  lamp  would  no  doubt  be  strong  enough  to  withstand 
the  vibrations  and  jars  found  in  this  service  and  their  economy  of 
current  consumption  would  make  them  much  preferable  to  the 
carbon  lamp. 

3.     Maintenance  of  candle  power  and  efficiency 

In  regard  to  maintaining  candle  power  and  efficiency  the 
newer  lamps  make  by  far  the  best  showing,  the  two  being  almost 
the  same  in  this  respect.  The  metallized  and  tantalum  lamps 
have  a  drop  of  respectively  20  and  19  per  cent  in  candle  power  in 
1000  hours  under  condition  A  while  the  carbon  drops  32  per  cent 
in  the  same  time  and  under  the  same  conditions.  The  change  in 
efficiency  for  the  three  lamps  is  in  about  the  same  proportion. 

Jf.     Life 

Comparing  the  lamps  upon  the  basis  of  average  life  to  80  per 
cent  of  the  original  candle  power,  which  is  standard  for  the  car- 
bon lamp,  the  following  results  are  obtained. 

TABLE  5 


Life  in  hours 


Condition 

Carbon 

Metallized 

Tantalum 

A 

400 

780 

820 

B 

225 

350 

350 

This  method  of  comparison  is  if  any  thing  unfair  to  the  higher 
efficiency  lamps,  because,  owing  to  their  higher  first  cost,  the 
smashing  point  should  be  after  the  lamps  have  reached  a  candle 
power  considerably  less  than    80  per  cent  of  the  original.     It 
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serves,  however,  to  show  the  superiority  of  the  newer  lamps  in 
this  respect. 

5.  Quality  of  light 

The  quality  of  the  light  from  the  metallized  and  tantalum  lamps 
is  much  the  same,  both  being  considerably  whiter,  softer  and  more 
pleasing  to  the  eyes  than  that  of  the  carbon  lamp.  Being  a 
whiter  light,  the  newer  lamps  show  more  nearly  the  true  values 
of  colors  than  the  carbon  lamp  and  hence  are  superior  for  light- 
ing dry  goods  and  clothing  stores,  art  and  picture  galleries  and 
other  places  in  which  colors  must  be  judged.  The  intrinsic  bril- 
liancy of  the  three  kinds  of  filaments  is  approximately 

Carbon  140  C.  P.  per  sq.  in. 
Tantalum  165  C.  P.  per  sq.  in. 
Metallized  190  C.  P.  per  sq.  in. 

On  account  of  the  great  intrinsic  brightness  of  the  newer  types 
of  filaments,  particularly  the  metallized,  it  is  not  advisable  to  use 
these  lamps  for  interior  lighting  when  they  are  placed  low  enough 
to  be  in  the  line  of  vision,  unless  they  are  provided  with  ground 
glass  or  opal  globes. 

6.  Distribution  of  light 

The  distribution  of  the  carbon  and  metallized  lamps  is  so 
nearly  identical  as  to  admit  of  little  choice  between  them  in  this 
particular.  The  tantalum  lamp  differs  from  these  in  having  a  low 
tip  candle  power  which  is  a  point  in  its  favor  when  used  with  re- 
flectors. 

For  use  with  reflecting  globes  the  most  efficient  lamp  for  any 
given  watt  per  candle  consumption  would  be  one  with  a  long 
straight  filament  mounted  vertically.  This  kind  of  an  arrange- 
ment gives  the  condition  where  the  minimum  proportion  of  light 
is  radiated  downward  and  upward,  but  gives  a  distribution  which 
can  be  changed  to  suit  the  requirements  by  means  of  reflectors, 
and  is  such  that  the  minimum  light  is  lost  in  the  base.  Getting 
a  downward  distribution  by  placing  the  greater  part  of  the  fila- 
ment horizontal,  as  has  been  done  in  many  of  the  "downward 
light"  lamps  on  the  market,  is  an  inefficient  method.  It  is  true 
that  these  lamps  throw  the  maximum  of  their  intensity  further 
down  from  the  horizontal  than  an  ordinary  lamp,  but  in  so  doing 
just  as  much  light  is  thrown  upward  where  it  is  mostly  lost  in  the 
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base  and  on  the  ceiling  by  absorption  and  improper  reflection. 
To  get  light  where  it  is  needed  and  do  it  most  efficiently  is  accom- 
plished by  mounting  the  filament  so  that  as  nearly  as  possible  the 
entire  length  of  it  is  parallel  to  the  axis  of  the  base,  and  then  us- 
ing good  reflectors.  The  tantalum  lamp  meets  this  requirement 
very  well,  as  is  shown  by  its  low  tip  candle  power  which  indicates 
a  small  loss  of  light  in  the  base.  The  intensity  at  angles  even  up 
to  30°  from  the  tip  is  low  in  this  lamp.  The  same  condition 
would  be  shown  at  the  base  if  the  distribution  were  not  changed 
by  its  presence.  Near  the  base  all  light  that  has  its  course  changed 
downward  by  reflectors  must  strike  the  reflector  at  a  large  angle . 
This,  of  course,  is  a  condition  that  favors  absorption  and  losses. 
With  the  tantalum  the  radiation  in  these  unfavorable  directions 
is  less  than  in  the  other  two  and  is  superior  for  that  reason  if  re- 
flectors are  used.  When  the  lamps  are  used  bare  the  carbon  and 
metallized  give  a  greater  candle  power  downward  where  it  is  gen- 
erally needed  than  does  the  tantalum  lamp. 

7.  Susceptibility  to  voltage  variation 

Table  2  gives  a  comparison  of  the  way  these  lamps  act  in  re- 
gard to  the  very  important  point  of  susceptibility  to  voltage  var- 
iation. For  use  upon  poorly  regulated  feeders  or  at  the  end  of 
long  feeders  that  are  sometimes  heavily  loaded,  the  metallized  and 
tantalum  lamps  will  make  a  much  more  uniform  and  pleasing 
light  than  the  sensitive  carbon  lamp. 

8.  Ability  to  withstand  rough  usage 

It  is  in  this  particular  that  the  carbon  lamp  stands  supreme. 
Long  experience  in  making  them  has  enabled  the  manufacturers 
to  make  a  carbon  filament  that  will  withstand  almost  any  reason- 
able usage.  The  filaments  of  both  the  metallized  and  the  tanta- 
lum lamps  are  easily  broken,  especially  after  they  have  been 
burned  for  a  while.  The  filament  of  the  former  is  so  fine  that 
jars  such  as  would  be  caused  by  screwing  the  lamp  into  or  out  of 
the  socket  sometimes  make  the  two  halves  of  the  filament  cross 
each  other  near  the  top.  This  short-circuits  about  one-third  of 
the  filament,  and  if  the  current  is  turned  on,  the  lamp  then  burns 
at  about  three  times  the  normal  candle  power.  This,  of  course, 
greatly  reduces  the  life  of  the  lamps  if  the  filaments  are  not  sep- 
arated. They  may  be  shaken  apart  by  tapping  the  lamp,  but  usu- 
ally not  before  the  filament  has  been  materially  weakened  by  burn- 
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ing  at  the  high  candle  power.  The  filament  of  the  metallized  lamp 
is  easily  set  to  vibrating  in  an  annoying  manner.  Often  while 
working  with  them  the  vibration  of  the  filaments  was  such  that 
the  flicker  was  easily  seen  on  a  piece  of  white  paper  at  a  distance 
of  four  or  five  feet  from  the  lamp.  It  was  only  in  some  positions 
about  the  lamp  that  this  was  noticeable,  but  in  these  positions  it 
was  very  pronounced  and  disagreeable.  It  seems  to  be  caused 
principally  by  the  reflections  from  the  bulb  of  the  lamp.  The 
motion  was  in  this  way  magnified.  No  such  effect  could  be  ob- 
tained from  the  carbon  or  tantalum  lamps.  The  carbon  filaments 
were  stiff  enough  to  resist  the  vibrations  and  the  way  in  which  the 
tantalum  filaments  were  mounted  prevented  any  vibration  in  them. 

Conclusion 

From  the  study  of  these  lamps  it  appears  that  the  carbon  fil- 
ament and  the  tantalum  filament  lamps  can  cover  adequately  all 
the  phases  of  incandescent  lighting  that  are  now  covered  by  the 
three  types.  For  low  power  costs  and  for  rough  or  unusual  uses 
and  for  small  candle  power  units  the  carbon  lamp  is  best  and 
often  the  only  one  that  can  be  used.  For  higher  costs  of  power 
upon  poorly  regulated  circuits  and  for  lightening  the  load  upon 
overloaded  stations  the  tantalum  lamp  is  best.  It  is  not  recom- 
mended by  its  manufacturers  for  use  upon  alternating  current,  yet 
the  results  obtained  show  that  although  it  does  not  do  so  well 
upon  alternating  current  as  it  does  upon  direct  current  circuits,  it 
still  gives  better  economy  for  the  higher  power  costs  than  the 
carbon  lamp.  The  principal  fault  of  the  metallized  lamp  is  that 
of  mechanical  weakness,  which  probably  does  not  exist  in  the 
larger  sizes  where  a  heavier  filament  is  used,  so  that  for  units  of 
40  or  60  candle  power  or  above,  this  type  of  lamps  is  very  satis- 
factory. 
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I.     Introduction 

1.  Preliminary. — In  structures  of  reinforced  concrete,  col- 
umns and  other  members  subject  to  direct  compressive  stresses 
are  used.  Usually  these  members  are  reinforced  with  longitudi- 
nal rods,  and  quite  generally  light  ties  connect  these  rods  at  inter- 
vals, though  tests  indicate  that  with  the  size  and  spacing  usually 
adopted  these  ties  add  little  or  no  strength  to  the  column.  Much 
interest  has  been  manifested  recently  in  columns  reinforced  with 
steel  hooping  in  such  a  way  as  to  give  lateral  restraint  to  the  con- 
crete. A  variety  of  opinions  has  been  expressed  on  the  action 
and  on  the  value  of  this  type  of  reinforcement.  Tests  which  have 
been  reported  show  that  the  hooped  column  has  great  strength, 
though  the  results  of  the  tests  have  not  been  conclusive  on  its 
applicability  to  general  construction.  In  Bulletin  No.  10  of  the 
University  of  Illinois  Engineering  Experiment  Station,  Tests  of 
Concrete  and  Reinforced  Concrete  Columns,  Series  of  1906,  there 
were  given  the  results  of  tests  made  on  plain  concrete  columns 
and  columns  with  longitudinal  reinforcement.  Further  tests  of 
plain  concrete  columns  have  now  been  made,  and  also  tests  of 
hooped  columns.  This  bulletin  will  give  the  results  of  these  tests, 
and  it  is  hoped  that  it  will  throw  some  light  on  the  properties  of 
both  plain  and  hooped  concrete.  It  may  be  added  that  further 
tests  are  now  in  progress. 

2.  Acknowledgment. — The  investigations  herein  described 
were  made  in  the  Laboratory  of  Applied  Mechanics  of  the  Uni- 
versity of  Illinois  as  a  part  of  the  work  of  the  University  of  Illi- 
nois Engineering  Experiment  Station.  Much  of  the  work  of  mak- 
ing the  tests  on  the  columns  was  done  as  thesis  work  by  Sidney 
Grear,  Charles  E.  Hoff,  and  Clyde  L.  Mowder,  senior  students 
in  Civil  Engineering,  class  of  1907.  Credit  is  due  them  for  the 
thought  and  care  given  to  this  work.  The  immediate  supervision 
of  the  work  of  making  the  columns  and  of  the  work  of  conduct- 
ing the  tests  was  given  by  D.  A.  Abrams,  Associate  in  the  En- 
gineering Experiment  Station.  Many  of  the  tests  included  in 
this  work  were  made  by  Mr.  Abrams  and  Mr.  W.  R.  Robinson, 
First  Assistant  in  the  Engineering  Experiment  Station,  and  their 
aid  in  this  and  in  interpreting  the  results  and  assisting  in  the 
preparation  of  this  bulletin  has  added  much  to  the  value  of  the 
work.  The  bands  used  for  hooping  were  furnished  by  Mr.  Rob- 
ert A.  Cummings,  Pittsburg,   Pennsylvania,  and  were  made  by 
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The  Electric  Welding  Company  of  Pittsburg,  Pennsylvania.  The 
wire  spirals  used  for  reinforcement  were  furnished  for  these  tests 
by  The  American  System  of  Reinforcing  for  Concrete  Construc- 
tion, of  Chicago. 

3.  Scope  of  Bulletin. — Nineteen  plain  columns  and  thirty  hooped 
columns  were  tested.  The  columns  were  generally  cylinders  12 
in.  in  diameter  and  10  ft.  long,  but  a  few  of  other  dimensions  were 
used.  The  ratio  of  length  to  diameter  ranged  from  6  to  13,  all 
being  short  columns.  Tests  were  usually  made  at  an  age  of  60 
days,  but  a  few  tests  were  made  at  6  months.  In  addition  to  the 
above,  two  columns  remaining  from  the  series  of  1906  were  tested 
at  ages  of  12  and  16  months.  In  the  plain  concrete  columns  tested, 
the  strength  of  the  column,  the  relation  between  the  load  and  the 
deformation  and  the  resulting  modulus  of  elasticity  have  been 
determined.  An  effort  was  made  to  measure  Poisson's  ratio  for  con- 
crete. For  the  hooped  columns,  both  bands  and  wire  spirals  were 
used  for  reinforcement.  Columns  reinforced  with  bands  will  be 
referred  to  as  band- hooped  columns  and  those  reinforced  with 
wire  spiral  as  spiral-hooped  columns.  The  bands  were  of  three 
weights:  No.  8,  No.  12,  and  No.  16  gauge,  all  1  in.  in  width.  The 
wire  used  in  the  spirals  was  No.  7  and  i  in. ;  both  high-carbon  and 
mild- steel  wire  were  used.  The  concrete  was  generally  a  1-2-4 
mixture,  but  in  order  to  determine  the  effect  of  the  restraint  of  the 
hoops  upon  richer  and  leaner  concrete,  two  columns  were  made 
with  1-4-8  concrete  and  two  with  l-lJ-3  concrete.  A  feature  of 
the  tests  of  the  hooped  columns  is  the  exhibition  of  shortening  and 
of  toughness.  In  the  tests  of  the  hooped  columns,  measurements 
were  made  to  determine  the  amount  of  shortening  due  to  the  load. 
An  attempt  was  made  to  determine  the  amount  of  the  stress  in 
the  steel  hooping.  To  throw  a  little  light  on  the  general  phe- 
nomena, the  concrete  from  one  of  the  columns  was  tested  after  it 
had  been  loaded  and  then  stripped  of  the  spiral,  and  one  of  the 
columns  was  loaded  eccentrically. 

4.  Notes  on  Hooped  Concrete. — While  it  has  long  been  known 
that  lateral  restraint  adds  to  the  resistance  of  materials  in  com- 
pression, M.  Armand  Considere,  Inspecteur  General  des  Ponts 
et  Chaussees  of  Prance,  was  the  first  to  utilize,  develop,  and  in- 
vestigate the  construction  formed  by  restraining  the  concrete  by 
means  of  bands  and  spirals  now  generally  known  as  hooped  con- 
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crete  (beton  frette).     Experiments  were  made  by  Considere  in 

1902  which  were  communicated  to  l'Academie  des  Sciences  in 
August  and  September  1902.  A  more  extended  account  of  these 
experiments  was  published  in  Genie  Civil.*  The  tests  of  1902  and 

1903  were  made  upon  octagonal  columns.  5.9  in.  short  diameter, 
reinforced  with  spirally  wound  wire  and  longitudinal  rods.  In 
November  1904  a  bridge  of  65.6  ft.  span,  built  for  experimental 
purposes,  was  tested  at  Ivry,  Paris.  The  tests  and  analyses  of 
hooped  concrete  were  given  by  Considere  in  a  work  describing 
his  researches  in  reinforced  concrete,  f 

In  1907  Considere  published  a  monograph,  "Le  Beton  Frette 
et  ses  Applications",  in  which  were  collected  and  discussed  various 
experiments  on  hooped  concrete.  In  this  Considere  gave  his  re- 
vised conclusions  on  the  properties  and  applicability  of  this  form 
of  reinforced  concrete.  A  principal  table  gives  the  results  of  a 
part  of  the  experiments  made  by  Bach  at  Stuttgart  and  the  sec- 
ond and  third  sets  of  experiments  made  by  Considere  under  the 
direction  of  the  Commission  du  Ciment  Arme.  These  columns 
were  octagonal  and  square,  200  and  275  mm.  in  diameter,  and  1 
m.  and  4  m.  long.  The  amount  of  the  added  strength  given  by 
the  hooping  and  longitudinal  reinforcement,  as  shown  in  this 
table,  ranges  from  525  to  880  lb.  per  sq.  in.  for  each  1%  of  total 
reinforcement,  based  on  the  gross  section  of  the  column.  The 
average  value  was  710  lb.  per  sq.  in.  Based  on  the  area  of  the 
hooped  core  this  would  be  about  880  lb.  per  sq.  in.  Another  test 
cited  is  that  of  a  column  700  mm.  in  diameter  and  1.4  m.  in 
length,  reinforced  with  hooping  equivalent  to  2.73%  of  the  con- 
crete core,  and  having  longitudinal  reinforcement  equal  to  1.44% 
of  the  cross  section.  This  column,  which  was  tested  by  Profes- 
sor Guidi,  of  Turin,  carried  1620  000  kilograms,  or  60001b.  per 
sq.  in.  of  the  gross  area  of  the  column,  and  7650  lb.  per  sq.  in.  of 
the  hooped  core.  Tests  made  with  columns  reinforced  with  three 
concentric  helices  gave  very  high  results. 

Considere  considers  that  between  the  molecules  of  hooped 
bodies  there  is  produced  a  phenomenon  analogous  to  the  friction- 
al  resistance  in  sand  boxes  employed  for  carrying  the  centers  of 
bridges  during  construction,  but  he  adds  that  cohesion  in  hooped 

*Genie  Ciril,  v.  XLII.    No.  1,  2,  3,  4,  5,  6,  and  9. 

tExperimental  Researches  on  Reinforced  Concrete.  Considere,  translated  by  Leon  S. 
Moisseiff,  McGraw  Publishing  Company,  New  York. 
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bodies  persists  under  pressure  in  spite  of  large  deformations.  In 
order  to  produce  the  maximum  resistance  the  hooping  should  fill 
the  following  conditions:  The  hoops  should  be  near  enough  to- 
gether and  should  form  a  net- work  so  close  that  the  concrete  can- 
not escape  through  the  meshes.  In  the  earlier  writings,  he  gives 
the  maximum  allowable  distance  between  the  spirals  as  i  to  to  of 
the  diameter  of  the  helix.  The  hooped  core  should  be  full  or  not 
present  voids  of  importance.  The  projection  of  the  hoops  on  a 
plane  perpendicular  to  the  axis  of  the  prism  should  be  convex. 
He  modifies  the  conclusions  given  in  1902  by  attributing  the  in- 
creased strength  to  an  increased  cohesion  of  the  particles  as  well 
as  to  intermolecular  friction. 

Considere  gives  the  following  rule  for  the  resisting  strength 
of  hooped  columns:  The  compressive  resistance  of  hooping  mem- 
bers exceeds  the  sum  of  the  following  three  elements,  (1)  the 
compressive  resistance  of  the  concrete  core  without  reinforcement 
increased  by  50%  of  itself,  (2)  the  resistance  of  the  longitudinal 
reinforcement  stressed  to  its  elastic  limit,  (3)  the  compressive 
resistance  which  would  be  produced  by  longitudinal  reinforcement 
at  the  elastic  limit  of  the  hooping  metal  and  equal  to  2.1  times  as 
great  a  volume  as  that  of  the  hooping  metal.  He  considers  the 
factor  2.1  as  very  low  but  adopts  it  in  accordance  with  the  in- 
structions issued  by  the  Minister  of  Public  Works  of  France, 
October,  1906.*  He  finally  gives  the  following  formula  for  com- 
puting the  strength  of  a  short  hooped  column, 
C  =  1.5  e  +  2400  p  +  5100  p 
where  C  is  the  unit  strength  of  the  hooped  column,  c  is  the  unit 
strength  of  a  plain  concrete  column,  p  is  the  ratio  of  the  longi- 
tudinal reinforcement  to  the  concrete  core,  and  p  is  the  ratio  of 
the  hooping  to  the  concrete  core.  The  area  of  the  column  is 
taken  as  that  of  the  concrete  core.  All  loads  are  here  given  in 
pounds  per  square  inch.  The  formula  above  gives  results  which 
agree  closely  with  the  experimental  values  cited  in  the  mono- 
graph. 

Considere  considers  that  hooped  concrete  has  many  advan- 
tages for  numerous  constructions.  The  case  of  posts  and  columns 
is  given  as  an  important  application  and  it  is  considered  that 
hooping  will  permit  the  use  of  leaner  concrete  or  will  allow  a  re- 

*(ienie  Civil,  v.  50.  p.  177. 
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duction,  of  cross  section.  In  beams  the  hooping  may  be  utilized 
to  increase  the  resistance  to  compression.  Piles,  compression 
pieces  in  bridges,  and  other  forms  of  struts  will  show  points  of 
advantage.  A  strong  feature  is  stated  to  be  its  extreme  ductility 
and  toughness  and  the  fact  that  it  exhibits  signs  of  weakness  be- 
fore failure.  The  extreme  shortening  found  is  not  considered 
troublesome,  especially  where  the  structure  is  articulated.  He 
recommends  a  rather  low  factor  of  safety  and  considers  that  the 
experiments  made  have  established  the  utility  and  safety  of 
hooped  concrete  as  a  form  of  building  construction.  As  before 
noted,  the  Minister  of  Public  Works  of  France  issued  instructions 
authorizing  the  use  of  this  form  of  construction. 

Important  tests  on  hooped  concrete  were  made  by  Professor 
C.  Bach,  Director  of  the  Materialprtifungsanstalt  der  Kgl.  Tech- 
nischen  Hochschule  in  Stuttgart  in  1905.  The  results  of  these 
tests  were  published  in  Mitteilungen  uber  Forschungsarbeiten, 
No.  29,  and  are  discussed  in  Morsch's  Eisenbetonbau,  page  69. 
The  columns  externally  were  octagonal  in  form  with  a  short  diam- 
eter of  275  mm.  and  a  height  of  1  m.  The  circles  of  the  spirals  had 
a  diameter  of  about  235  mm.  Longitudinal  reinforcement  was  also 
used.  Two  sets  of  tests  were  made  in  which  the  pitch  of  the  spiral 
was  more  than  one  third  of  the  diameter  of  the  core,  and  the  in- 
crease of  strength  of  these  columns  over  that  of  plain  concrete  was 
only  about  half  as  much  per  1  %  of  reinforcement  as  was  found  in 
columns  having  the  pitch  of  the  spiral  less  than  J-  of  the  diameter 
of  the  core.  The  tests  of  the  columns  reinforced  with  the  small 
pitch  gave  an  increase  in  strength  over  plain  concrete  amounting 
on  an  average  to  485  lb.  per  sq.  in.  for  each  1%  of  total  reinforce, 
ment  used,  when  based  upon  the  gross  area  of  the  column  and  755 
lb.  per  sq.  in.  when  only  the  area  within  the  hooping  is  considered. 
The  range  in  the  latter  case  is  from  412  to  1070  lb.  per  sq.  in. 
The  results  do  not  show  very  definitely  how  much  of  the  increased 
strength  is  due  to  longitudinal  rods  and  how  much  to  spirals.  In 
the  monograph  referred  to  above,  Consider e  considers  that  only 
one  set  (9  columns  out  of  57)  followed  the  requirements  given  in 
the  instructions  of  the  Minister  of  Public  Works  of  France,  and 
he  omits  the  others  from  his  analysis.  The  remaining  columns, 
however,  give  considerable  information. 

Tests  of  Metals,  1906,   gives  the  results  of  tests  of  hooped 
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columns  at  the  Watertown  Arsenal  by  James  E.  Howard.  These 
tests  include  quite  a  variety  of  reinforcement,  with  bands,  spirals, 
and  longitudinal  bars  and  angles,  and  seem  to  indicate  that  the 
strength  added  by  1  %  of  spiral  reinforcement  ranges  from  600  to 
1000  lb.  per  sq.  in. ,  based  on  the  area  within  the  hooping. 

II.     Materials,  Test  Pieces,  and  Methods  of  Testing. 

5.  Materials. — The  materials  used  in  making  the  columns 
were  similar  to  the  best  materials  used  for  this  class  of  work  in 
this  section  of  the  country.  The  stone,  sand,  and  nearly  all  the 
cement  were  bought  in  the  open  market.  Universal  portland 
cement,  used  in  two  columns,  was  furnished  by  the  makers,  but 
the  Chicago  AA  portland  cement  used  in  the  remainder  was 
bought  of  a  local  dealer.  The  bands  were  supplied  by  Robert  A. 
Cummings  of  Pittsburg,  Pennsylvania,  and  were  made  by  The 
Electric  Welding  Company  of  Pittsburg,  Pennsylvania.  The 
American  System  of  Reinforcing  for  Concrete  Construction,  of 
Chicago,  furnished  the  steel  spiral  reinforcement. 

Stone.  —The  stone  was  crushed  limestone  from  Kankakee, 
Illinois.  It  was  ordered  to  pass  through  a  1-in.  screen  and  over 
a  i-in.  screen.  The  stone  came  in  two  shipments,  and  there  was 
an  appreciable  difference  in  the  quality  of  the  two.  The  first  lot 
was  finer,  softer,  and  of  a  darker  color  than  the  second  lot.  The 
harder,  coarser  stone  of  the  second  lot  made  much  the  better  con- 
crete. Tests  showed  that  this  last  lot  had  about  50%  voids  and 
weighed  85  lb.  per  cu.  ft.  loose.  Table  1  gives  the  average  of 
several  mechanical  analyses  of  stone  from  the  second  lot. 

TABLE  1. 
Mechanical  Analysis  of  Stone. 


Size  of  Mesh 

Per  cent  Passing 

1 1-in. 

100 

1     " 

95. 

i  " 

35 

4 

5 

i     " 

2 

Sand. — The  sand  was  of  good  quality,   sharp,   well   graded, 
fairly  clean,  contained  28%  voids,  as  determined  by  pouring  sand 


TALBOT — TESTS  OF  CONCRETE  COLUMNS 


9 


into  a  vessel  partly  filled  with  water,  and  weighed  103  lb.  per  cu. 
ft.  loose.  It  came  from  near  the  Wabash  River  at  Attica,  Indiana. 
The  result  of  two  mechanical  analyses  of  this  sand  is  given  in 
Table  2. 

Cement. — In  all  except  two  columns,  Chicago    A  A    portland 
cement  was  used.       In   two  columns  Universal  portland   cement 

TABLE  2. 
Mechanical  Analysis  of  Sand. 


Per  cent  Passing 

Sieve  No. 

Separation  Size 
inches 

First  Trial 

Second  Trial 

5 

.174 

99.6 

99.6 

10 

091 

83.1 

79.8 

12 

067 

74.8 

71.0 

16 

67.4 

62.5 

18 

043 

55.0 

50.6 

30 

027 

36.7 

32.9 

40 

019 

25.5 

22.4 

50 

013 

14.5 

13.7 

74 

009 

7.2 

6.5 

150 

1.8 

2.0 

200 

1.3 

1.0 

TABLE  3. 

Tensile  Strength  of  Cement. 


Ultimate  Strength,  lb.  per  sq.  in. 

Kef. 

Chicago  A  A  Cement 

Universal  Cement 

No. 

Age  7  days            Age  28  days 

Age  7  days 

Age  28  days 

Neat 

1-3      |    Neat 

1-3 

Neat          1-3 

Neat    |     1-3 

1 
2 
3 
4 
5 
6 

786 
683 
760 
786 
866 
815 

230 
145 
218 
186 
215 
211 

811 
851 
861 
760 
965 
935 

265 
235 
225 
270 
265 
287 

410 
470 
360 
405 
320 
310 

187 
200 
120 
145 
195 
180 

680 
670 
560 
570 
600 
620 

370 
330 
360 
290 
295 
310 

Av. 

783 

201 

864 

258 

379 

171 

617 

326 

was  used.    Table   3    gives  the  results   of  tension   tests  of   these 
cements  made  according  to  standard  practice. 
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Concrete. — Men  accustomed  to  mixing  concrete  made  the  test 
specimens  and  an  effort  was  made  to  have  the  concrete  as  good 
as  would  be  used  in  the  best  practice.     All  materials  were  pro- 

TABLE  4. 

Tension  Tests  of  Steel  Used  in  Columns. 

The  values  given   for   "Weld  not  in  tested  section"  are  averages  of 
several  tests. 


4^ 

43 

rea  of 
ection 
q.  in. 

P 

22 

B  s§  fl 

*J  o 

O   50 

2  a,FH 

Ltimate 
rength 

per  sq 

in. 

c-2   • 

Kemarks 

&mK 

<$w  m 

2  ft 

c3        q. 

£* 

>*-< 

POQrQ 

i-in. 

.049 

5650 

7430 

115  500 

152  000 

1.5 

High-carbon 
spiral 

7 

.024 

1430 

2170 

59  700 

90  500 

12.2 

High-carbon 
spiral 

\  in. 

.046 

2500 

3380 

54  100 

73  000 

15.5 

Mild-steel  spiral 

7 

.025 

940 

1310 

38  000 

53  000 

16.4 

U               ((                   u 

Weld  not  in  tested  section. 


16 

.063 

3160 

4270 

50  300 

68  100 

21.5 

9-in.  bands 

12 

.127 

5920 

8160 

46  600 

64  300 

17.5 

" 

16 

.064 

3000 

3830 

46  700 

59  700 

18.0 

12-in.  bands 

12 

.127 

5460 

7710 

46  900 

60  800 

17.5 

"          " 

8 

.180 

8930 

11640 

49  800 

65  000 

20.2 

11          (i 

Weld  in  tested  section. 


16 

.064 

3010 

3040 

46  700 

47  100 

1 

9-in.  band.  Broke 
at  weld. 

16 

.062 

3150 

4190 

50  600 

62  400 

15 

9-in.  band.  Did 
not  break  at 
weld. 

12 

.137 

6250 

8300 

45  900 

60  900 

7 

9-in.  band.  Broke 
at  weld. 

12 

.123 

6160 

8150 

50  100 

66  300 

14 

9-in.  band.  Did 
not  break  at 
weld. 

16 

.065 

2730 

41  900 

12-in.  band.  Broke 
at  weld. 

12 

.121 

5700 

7080 

47  300 

58  700 

7 

L2-in.band.  Broke 

at  weld. 

8 

.188 

9300 

12120 

49  300 

64  400 

17 

12-in.  band.  Did 
not  break  at 
weld. 
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portioned  by  loose  volume  and  weights  were  taken  as  a  check  on 
the  measurement.  The  mixing  was  done  with  shovels  by  hand. 
The  sand  and  cement  were  first  mixed  dry.  The  stone,  which 
had  previously  been  thoroughly  moistened,  was  then  added  and 
the  mass  turned  until  uniform  in  appearance.  Water  was  added 
in  such  proportion  as  to  give  a  fairly  wet  mixture.  This  con- 
sistency permitted  tamping  into  the  forms  to  good  advantage. 

Steel. — The  steel  used  in  the  hoops  had  a  yield  point  of  about 
48  000  lb.  per  sq.  in.  and  an  ultimate  strength  of  from  60  000  to 
65  000  lb.  per  sq.  in.  The  hoops  were  1  in.  wide  and  of  three 
thicknesses,  corresponding  to  No.  8,  12,  and  16  gauge.  For  the 
spiral  reinforcement,  both  high-carbon  and  mild- steel  wire  were 
used,  each  being  in  two  sizes,  i-in.  and  No.  7.  Tests  showed  that 
the  i-in.  high-carbon  wire  had  a  yield  point  of  approximately 
115  000  lb.  per  sq.  in.  The  yield  point  of  the  No.  7  high-carbon 
wire  was  about  60000  lb.  per  sq.  in.  Their  ultimate  strengths 
were  about  155  000  and  90  000  lb.  per  sq.  in.,  respectively.  The 
i-in.  mild-steel  wire  had  a  yield  point  of  54  000  lb.  per  sq.  in.  and 
the  No.  7  wire  38  500  1b.  per  sq.  in.  Their  ultimate  strengths 
were  about  73  000  and  54  000  lb.  per  sq.  in.  respectively.  Table 
4  gives  the  results  of  tension  tests  made  on  the  reinforcement, 
some  of  the  specimens  being  taken  from  tested  columns  and  some 
from  unused  material.  The  hoops  were  electrically  welded  and  as 
it  was  desired  to  know  the  strength  of  the  weld,  pieces  contain- 
ing the  weld  were  tested.  Several  broke  at  the  weld  at  a  point 
much  below  the  ultimate  strength,  but  with  one  exception  at  a 
load  higher  than  the  yield  point  of  the  metal. 

6.  Test  Specimens. — An  effort  was  made  to  have  the  con- 
ditions of  fabrication  of  the  different  test  specimens  as  nearly 
uniform  as  possible.  Usually,  the  test  columns  were  made  in 
sets  of  three.  Individual  columns  of  a  given  set  were  made  at 
different  dates  throughout  the  season,  the  purpose  being  to  make 
columns  of  different  sets  at  the  same  time  and  thus  distribute  ac- 
cidental variations  of  fabrication  over  a  number  of  sets.  To  give 
a  check  test  on  the  quality  of  the  concrete,  12-in.  cubes,  6-in. 
cubes,  and  an  8xl6-in.  cylinder  were  made  in  many  cases  from 
the  batch  for  a  column.  The  12-in.  cubes  were  made  in  sets  of 
two,  and  the  6-in.  cubes  in  sets  of  three.  The  mixture  varied 
from  l-li-3  to  1-4-8,  by  far  the  largest  number  being  of  a  1-2-4 
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mixture.  As  noted  above,  there  was  a  difference  in  the  stone 
which  affected  the  strength  of  the  test  specimens,  those  made  of 
coarser  and  harder  stone  being  the  stronger.  General  data  on  all 
test  specimens  are  given  in  Table  5,  page  14. 

Plain  Concrete  Columns. — Nineteen  columns  containing  no 
reinforcement  were  tested.  These  columns  were  cylindrical,  12 
in.  in  diameter  and  10  ft.  long.  In  two  columns  Universal  port- 
land  cement  was  used;  in  the  others  Chicago  A  A  was  used.  Two 
columns  not  included  in  the  nineteen  named  above,  No.  21  and  22, 
were  from  the  lot  made  in  1906  at  the  same  time  as  those  described 
in  Bulletin  No.   10,     and     the   materials,     method   of     making, 


s-$/ooc>r>g  3orj 


■J/*//?/?/.     tfOOf3  3/1HD  //OOP 

Fig.  1.    Forms   and  Reinforcement. 

and  other  conditions  were  given  in  that  bulletin.  These  columns 
were  12  in.  square  and  6  ft.  long,  and  were  12  and  16  months  old 
when  tested. 

Band-hooped  Reinforced  Columns. — Twelve  band-hooped  col- 
umns were  12  in.  in  diameter  and  six  were  9  in.  in  diameter.  The 
length  was  10  ft.  The  reinforcing  consisted  of  circular  bands  of 
No.  8,  12,  and  16  band  steel  1  in.  wide  generally  placed    on   2  in. 
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centers.  The  spacing  for  one  column  was  3  in.  centers  and  for 
two  columns  4  in.  centers.  The  bands  were  held  in  place  by 
three  longitudinal  strips  of  thin  metal  suitably  punched,  as  shown 
in  Fig.  1. 

Spiral-hooped  Reinforced  Columns. — Twelve  spiral-hooped 
columns  were  tested.  They  were  12  in.  in  diameter  and  10  ft. 
long.  The  reinforcement  consisted  of  a  single  steel  wire  coiled 
in  the  form  of  a  helix  and  spaced  at  a  uniform  pitch  of  1  in.  by 
means  of  heavy  steel  wires  crimped  as  shown  in  Fig.  1.  Both 
mild- steel  and  high- carbon-steel  wire  were  used,  the  sizes  being 
No.  7  and  i-in.  for  each. 

Cubes. — The  cubes  were  made  in  two  sizes,  12-in.  and  6-in. 
These  cubes  were  intended  to  aid  in  judging  the  quality  of  the 
concrete  used  in  correspondingly  numbered  columns.  The  con- 
crete for  the  cubes  was  taken  from  the  middle  of  the  batch  for 
the  correspondingly  numbered  columns  and  was  thought  to  be 
representative.  The  concrete  was  well  tamped  in  the  forms  and 
spaded  around  the  edges  to  insure  a  good  surface. 

Cylinders. — The  cylinders  were  all  8  in.  in  diameter  and  16  in. 
high.  The  concrete  was  selected  and  tamped  in  the  same  way 
as  for  the  cubes. 

7.  Forms. — The  column  forms  were  of  galvanized  sheet  steel 
bent  into  a  cylindrical  shape  and  held  in  position  by  bands  1  in. 
wide  and  fV  in.  thick.  The  bands  could  be  adjusted  to  the  proper 
diameter  by  means  of  bolts.  The  forms  were  built  in  sections  2i 
ft.  long  and  fitted  together  in  stove-pipe  fashion.  The  forms  are 
shown  with  dimensions  in  Fig.  1.  The  forms  for  the  12-in.  cubes 
were  of  the  ordinary  wooden  type,  two  in  a  set;  those  for  the  6- 
in.  cubes  were  of  steel,  three  in  a  set.  The  cylinder  forms  were 
of  wrought  iron  with  cast-iron  bases,  being  the  same  as  shown  in 
Fig.  1  of  Bulletin  No.  10.  All  forms  remained  in  place  about  ten 
days. 

8.  Making  of  Columns. — The  concrete  for  each  column  and  for 
the  corresponding  cubes  and  cylinders  was  mixed  in  one  batch. 
The  form  was  set  up  on  a  cast-iron  base  plate,  14  in.  x  14  in.  x  li 
in.,  which  was  planed  on  both  sides  and  served  as  a  bearing  plate 
in  the  column  test.  In  making  the  plain  concrete  columns  the  forms 
were  built  up  in  2i-ft.  sections,  each  section  being  filled  before 
the  next  was  added.     The  concrete  was  put  in  in  layers  of  about  6 
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TABLE  5. 
General  Data  of  Test  Specimens. 
The  length  varied  from  10  fb.  0  in.  to  10  ft.  4  in.  except  for  Columns  No. 
21  and  22,  which  were  6  ft.  long. 


Diam 


Kind 

of 
Con- 
crete 


Kind 

of 
Stone 


Reinforcement 


Per 

cent 


Size  and  Spacing 


Minor 
Specimens 


Cubes 


12 


12 

sq 


L2 


1-2-4 


l-lfr-3 

1-3-6 

1-4-8 
1-2-4 


l-2-3| 


1-2-4 


1-4-8 

1-2-4 
l-H-3 


Soft 
Hard 


Hard 


1.08 
1.08 
1.07 
2.08 
2.08 
2.10 
1.02 
1.03 
1.39 
3.20 
3.20 
3.20 
1.47 
1.35 
1.41 
2.76 
2.94 
2.78 


None 


No. 


No. 


16  bands 
12  bands 


No.  12  bands 


No. 
No. 


No. 


No. 


12  bands 
8  bands 


16  bands 
12  bands 


(mild  steel)  2  in.  cc. 

do. 

do. 
(mild  steel)  2  in.  cc. 

do. 

do. 
(mild  steel)  4  in.  cc. 

do. 
(mild  steel)  3  in.  cc. 
(mild  steel)  2  in.  cc. 

do. 

do. 
(mild  steel)  2  in.  cc. 

do. 

do. 
(mild  steel)  2  in.  cc 

do. 

do. 
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Kind 

of 
Con- 
crete 

Reinforcement 

Minor 
Specimens 

Col- 
umn 
No. 

Diam. 
in. 

Kind 

of 
Stone 

Per 
cent 

Size  and  Spacing 

Cubes 

Cyl. 

12- 
in. 

6- 

in. 

171 
172 
173 

1 

2 

1-2-4 
<( 

a 

ii 

Ha 

rd 

0.85 
0.85 
0.82 
0.84 
0.85 
0.84 
1.63 
1.67 
1.68 
1.63 
1.71 
1.62 

No.  7  spiral  (high  steel) 

do. 

do. 
No.  7  spiral  (mild  steel) 

do. 

do. 
i-in.  spiral  (high  steel) 

do. 

do. 
i-in.  spiral  (mild  steel) 

do. 

do. 

2 

.... 

176 

2 

2 
2 

2 

177 

178 

181 
182 
183 

1 

186 

187 
188 

2 

2 

3* 

1 

in.  and  tamped  or  churned  until  water  flushed  to  the  top.  In 
making  the  reinforced  columns,  the  form  was  placed  around  the 
hoops  or  spirals  for  the  full  length  of  the  column,  after  which  it 
was  set  up  vertically  on  the  base  plate.  The  concrete  was  put- 
in  from  the  top  of  the  column  and  tamped  or  churned  as  described 
above.  The  reinforcement  was  usually  covered  by  from  TV  in.  to 
i  in.  of  mortar.  As  this  outside  coat  spalled  off  early  in  the  test 
and  did  not  add  appreciably  to  the  strength  of  the  column,  the 
diameter  of  the  column  was  assumed  to  be  the  same  as  the  diam- 
eter of  the  band  or  spiral.  Generally  the  column  had  a  very  good 
surface.  In  the  band-hooped  columns  care  was  taken  to  place 
the  bands  so  that  welds  were  distributed  over  the  circumference 
of  the  column.  Three  or  four  inches  of  the  ends  of  the  wire  in 
the  spiral-hooped  columns  were  bent  inward  to  form  an  anchor- 
age. The  metal  in  the  reinforcement  was  gauged  in  several 
places  and  the  average  taken  to  compute  the  per  cent  reinforce- 
ment. The  lengths  of  the  columns  were  quite  uniform,  varying 
from  10  ft.  1  in.  to  10  ft.  4  in. 

9.  Storage  of  Test  Specimens. — The  columns  were  built  near  the 
walls  of  the  testing  room  of  the  Laboratory  of  Applied  Mechanics 
and  remained  where  made  until  time  of   the   test.     (See  Fig.  2  ). 
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The  forms  were  taken  off  10  days  after  making  and  after  that  the 
columns  were  sprinkled  with  water  twice  daily  until  they  were 
tested.  The  temperature  of  the  room  varied  from  55°  to  70°  F. 
The  12-in.  cubes  were  stored  in  the  open  air  of  the  same  room. 
The  6-in.  cubes  and  cylinders  were  stored  in  damp  sand. 

10.  Summary  of  Test  Pieces. — Table  5  gives  a  list  of  all  the 
test  pieces.  Specimens  having  corresponding  numbers  were 
made  from  the  same  batch  of  concrete. 

11.  Testing  Machines  Used. — The  machine  used  in  testing  the 
columns  and  12-in.  cubes  was  the  600  000- lb.  Riehle  vertical  screw 
machine  of  the  Laboratory  of  Applied  Mechanics.  The  slowest 
speed,  0.05  in.  per  min.,  was  used,  except  on  two  columns  where 
repeated  loading  was  tried.  Here  a  speed  of  0.10  in.  per  min. 
was  used.  Fig.  3  shows  a  column  in  the  machine  in  position  for 
testing.  The  6-in.  cubes  and  the  cylinders  were  tested  in  Olsen 
testing  machines  of  100  000  or  200  000  lb.  capacity. 

12.  Measuring  Devices. — The  instruments  used  for  measuring 
the  shortening  of  the  columns  were  the  same  as  those  used  in  the 
1906  series  of  column  tests  and  are  very  well  shown  in  Fig.  3  and 
4  of  Bulletin  No.  10.  The  yokes  were  usually  placed  to  give  a 
gauge  length  of  100  inches.  The  arrangement  was  such  as  to 
give  practically  two  independent  sets  of  readings.  The  measur- 
ing device  consisted  of  a  steel  drum  one-half  inch  in  circumfer- 
ence, which  rotated  as  the  contact-rod  moved.  On  the  axis  of 
the  drum  was  a  pointer  which  passed  over  a  graduated  dial.  This 
instrument  could  be  read  directly  to  thousandths  of  an  inch,  and 
by  a  vernier  to  ten- thousandths  of  an  inch. 

The  instruments  used  to  measure  the  lateral  expansion  of  the 
column  were  of  two  types.  In  one  type,  eight  standards,  each 
having  four  points  of  contact  on  the  surface  of  the  column,  were 
distributed  around  the  column  and  held  together  by  elastic  bands; 
a  fine  wire  passed  from  standard  to  standard  and  was  attached  at 
either  end  to  a  dial  extensometer  from  which  readings  were  taken. 
Different  devices  were  used  to  reduce  the  resistance  to  movement 
of  the  wire.  This  instrument  gave  the  general  expansion  around 
the  column.  In  the  second  type,  contact  was  made  at  two  points 
at  the  ends  of  a  diameter  of  the  column  and  the  movement  was 
magnified  by  transmission  to  the  end  of  lever  arms  and  there  read 
on  an  extensometer  dial.     Fig.  3  gives  a   view   of   these    instru- 


Fig.  2.    View  Showing  a  Number  of  Test  Columns. 


Fig.  :>.     View  Showing  Column  Ready 
for  Test. 
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TABLE  6. 
Cube  Tests. 
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No. 

Kind  of 
Con- 
crete 

Area 
sq.  in. 

Age  at 
Test 
days 

Max. 

Load 
lb.  per 
sq.  in. 

No. 

Kind 

of 
Con- 
crete 

Area 
sq.  in. 

Age  at 
Test 
days 

Max. 

Load 
lb.  per 
sq.  in. 

101i 

1-2-4 

143.0 

110 

1890 

122i 

1-4-8 

144.0 

79 

1255 

1012 

" 

144.6 

110 

1875 

1222 

146.2 

79 

1140 

103i 

" 

145.1 

186 

3120 

1223 

36.0 

288 

1550 

1032 

" 

144.6 

186 

3560 

1224 

36.0 

289 

1800 

104i 

" 

144.0 

72 

1960 

1225 

36.0 

303 

1970 

1042 

u 

144.0 

72 

2110 

128i 

1-2-4 

144.0 

200 

1830 

105i 

a 

36.0 

335 

3750 

1282 

144.8 

200 

1870 

1052 

a 

36.0 

335 

3200 

129i 

142.5 

200 

1690 

1053 

" 

36.0 

335 

3840 

1292 

139.8 

200 

1860 

1054 

" 

36.0 

335 

3320 

163i 

144.8 

185 

2620 

1055 

" 

36.0 

335 

3280 

1632 

144.0 

185 

2750 

1056 

" 

36.0 

335 

3970 

164i 

145.1 

184 

2560 

IO81 

a 

141.6 

62 

1880 

1642 

144.6 

184 

2500 

IO82 

" 

143.2 

62 

1850 

I681 

144.8 

185 

2370 

IO83 

" 

36.0 

294 

3180 

131i 

144.0 

104 

2215 

IO84 

" 

36.0 

294 

2780 

1312 

144.0 

104 

2215 

IO85 

" 

36.0 

296 

2570 

131s 

36.0 

330 

3990 

109i 

" 

144.0 

186 

2950 

1314 

36.0 

311 

4260 

1092 

" 

144.6 

186 

3170 

1315 

36.0 

311 

4310 

110i 

" 

144.8 

210 

2250 

132i 

144.0 

105 

2220 

IIO2 

" 

144.8 

210 

2530 

1322 

143.5 

104 

2020 

llli 

l-H-3 

141.6 

90 

2400 

133i 

144.0 

95 

2180 

III2 

" 

141.6 

90 

2470 

1332 

144.0 

95 

2170 

Ills 

" 

36.0 

311 

3470 

136i 

144.0 

103 

2200 

1114 

" 

36.0 

312 

4100 

1362 

144.0 

103 

2170 

III5 

" 

36.0 

325 

4170 

1363 

36.0 

328 

3110 

112i 

" 

144.0 

69 

2600 

1364 

36.0 

335 

3140 

1122 

" 

144.0 

69 

2600 

1365 

36.0 

338 

3510 

1123 

■i 

36.0 

292 

4000 

137i 

143.5 

99 

1440 

1124 

a 

36.0 

295 

4730 

1372 

144.0 

99 

1570 

1125 

" 

36.0 

295 

4340 

138i 

144.0 

72 

1830 

II61 

1-3-6 

145.8 

84 

1440 

1382 

144.0 

77 

2200 

II62 

" 

145.8 

84 

1460 

1383 

36.0 

298 

2960 

II63 

(< 

36.0 

305 

2480 

1384 

36.0 

299 

2920 

II64 

" 

36.0 

306 

2490 

1385 

36.0 

305 

2880 

II65 

" 

36.0 

306 

2260 

141i 

143.0 

105 

2570 

117i 

a 

36.0 

292 

2490 

1412 

144.0 

105 

2140 

1172 

" 

36.0 

294 

2360 

142i 

145.0 

92 

1710 

1173 

" 

36.0 

294 

2520 

1422 

144.0 

92 

1700 

121i 

1-4-8 

144.6 

89 

795 

1423 

36.0 

311 

3340 

1212 

" 

144.0 

96 

990 

1424 

36.0 

312 

3320 

1213 

" 

36.0 

305 

1410 

1425 

36.0 

333 

3820 

1214 

" 

36.0 

306 

1630 

143i 

144.0 

93 

2900 

12 15 

36.0 

315 

1410 

1432 

142.8 

93 

2570 
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TABLE  6.— Continued. 


No. 

Kind  of 
Con- 
crete 

Area 
sq.  in. 

Age  at 
Test 
days 

Max. 

Load 
lb.  per 
sq.  in. 

No. 

Kind 
of 

Con- 
crete 

Area 
sq.  in. 

Age  at 
Test 
days 

Max. 

Load 
lb.  per 
sq.  in. 

146i 

1-2-4 

144.0 

100 

1610 

1575    l-H-3 

36.0 

291 

3000 

1462 

11 

144.0 

100 

1580 

j  158i 

144.8 

37 

2630 

146s 

" 

36.0 

326 

2890 

1582 

144.0 

37 

2510 

1464 

" 

36.0 

336 

2680 

17L 

1-2-4 

144.0 

101 

2810 

146fl 

ti 

36.0 

336 

2930 

1718 

144.6 

101 

2640 

147i 

a 

142.5 

92 

2420 

176i 

143.3 

106 

1990 

1472 

" 

144.5 

102 

2280 

176, 

142.8 

99 

1500 

147a 

" 

36.0 

332 

3830 

ITT, 

145.2 

92 

1840 

1474 

36.0 

321 

3660 

1772 

145.9 

92 

1780 

147,5 

1-4-8 

36.0 

312 

3700 

178] 

144.0 

69 

1410 

152i 

" 

145.8 

59 

1100 

178* 

144.6 

69 

1530 

1522 

" 

143.0 

60 

950 

182i 

144.0 

93 

2720 

152* 

" 

36.0 

280 

1620 

182a 

144.0 

93 

2800 

1524 

(< 

36.0 

286 

1670 

186i 

144.6 

99 

1450 

152.5 

" 

36.0 

289 

1630 

1862 

144.6 

102 

1410 

153i 

" 

143.5 

245 

960 

187i 

144.6 

86 

1630 

1532 

l-li-3 

145.2 

245 

985 

1872 

144.6 

86 

1730 

157i 

'• 

145.0 

57 

1880 

187s 

36.0 

296 

3390 

1572 

1 1 

144.0 

55 

2130 

1874 

36.0 

308 

3800 

157s 

u 

36.0 

286 

3400 

187.5 

36.0 

300 

3900 

1574 

36.0 

289 

3060 

TABLE  7. 
Cylinder  Tests. 


No 

Kind  of 
Con- 

Area 

Age  at 
Test 

Max. 

Load 
lb.  per 
sq.  in. 

No 

Kind  of 
Con- 

Area 

Age  at 

Test 

Max. 

Load 
lb.  per 
sq.  in. 

crete 

sq.  in. 

days 

crete 

sq.  in. 

days 

105 

1-2-4 

50.3 

338 

3480 

138 

1-2-4 

50.3 

298 

2130 

108 

'• 

50.3 

281 

2670 

142 

(i 

50.3 

::ii 

2320 

111 

l-U-3 

50.3 

309 

2620 

147 

" 

50.3 

311 

2910 

112 

" 

50.3 

292 

3700 

Us 

" 

50.3 

21)5 

2280 

116 

1-3-6 

50.3 

305 

1540 

152 

1-4-8 

50.3 

279 

935 

117 

" 

50.3 

294 

1260 

157 

1-14-3 

50.3 

276 

2470 

121 

1-4-8 

50.3 

306 

785 

172 

1-2-4 

50.3 

315 

3140 

122 

" 

50.3 

288 

1140 

181 

" 

50.3 

319 

2990 

168 

1-2-4 

50.3 

185 

L790 

186 

50.3 

318 

I960 

ments.     These  instruments  were  placed  near  the  middle   of   the 
length  of  the  column  with  the  contact  points    resting  sometimes 
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on  the  metal  in  the  reinforced  columns  and  sometimes  on  bhe  con- 
crete. The  measurements  taken  are  not  as  uniform  or  as  trust- 
worthy as  could  be  desired,  and  the  work  must  be  considered  as 
preliminary  in  character. 

13.  General  Method  of  Testing. — A  few  days  before  testing,  a 
plate  similar  to  the  base  plate  described  above  was  set  on  a  plas- 
ter of  paris  cushion  on  top  of  the  column  and  served  as  the  top 
bearing  plate  in  the  test.  The  top  and  bottom  plates  were  con- 
nected with  rods,  and  the  columns  were  carried  to  the  machine  in 
a  vertical  position.  The  load  was  applied  through  a  spherical 
bearing  block  which  was  carefully  centered  on  the  column.  On 
the  hooped  columns,  the  load  was  applied  in  20  000-lb.  increments 
almost  up  to  the  maximum  when  10  000-lb.  increments  were  used. 
On  the  9-in.  columns  the  increments  were  made  smaller.  On  the 
plain  columns  the  load  was  run  up  from  the  start  10  000  lb.  at  a 
time.  At  each  increment  the  machine  was  stopped  while  readings 
of  the  instruments  were  taken. 

One  12-in.  spiral-hooped  column,  No.  188,  was  tested  under 
eccentric  loading.  A  i-in,  square  mild  steel  bar  was  placed  un- 
der the  bearing  blocks  at  top  and  bottom,  each  li  in.  off  center, 
to  obtain  this  condition. 

III.     Experimental  Data  and  Discussion. 

14.  Cube  and  Cylinder  Test  Data. — Tables  6  and  7,  page  18, 
give  data  of  the  tests  of  cubes  and  cylinders  made  from  the  same 
batch  of  concrete  as  the  columns  having  the  corresponding  num- 
bers. It  was  found  impracticable  to  make  many  of  these  tests  at 
the  age  at  which  the  columns  were  tested  and  the  tests  were  made 
at  various  ages  as  shown  in  the  tables.  The  data  do  not  gener- 
ally allow  a  comparison  to  be  made  between  the  strength  of  the 
cubes  and  cylinders  and  that  of  the  corresponding  columns, 
though  in  the  instances  where  the  age  of  test  makes  the  data 
comparable  it  is  seen  that  the  strength  of  the  cube  is  generally 
greater  than  that  of  the  column  and  that  the  strengths  of  the  col- 
umn and  of  the  cylinder  more  nearly  agree.  The  results  for 
cubes  from  the  same  batch  of  concrete  show  great  uniformity. 
The  variety  of  age  at  test  throws  light  upon  the  additional 
strength  gained  with  time.  The  gain  in  strength  is  quite  marked 
and  is  perhaps  more  than  the  gain  usually  expected. 
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15.  Column  Test  Data. — Table  8,  page  20,  gives  data  on  the 
age  of  test,  maximum  load  and  manner  of  failure  of  the  plain  con- 
crete columns.  Table  10,  page  34,  gives  data  of  the  tests  of 
band-hooped  columns  and  Table  12,  page  36,  the  data  of  tests  of 
spiral-hooped  columns.  The  plain  concrete  columns  will  be  con- 
sidered first. 

16.  Phenomena  of  the  Tests  of Plain  Concrete  Columns. — The  col- 
umns generally  failed  in  the  middle  half  of  their  length  and  the  po- 
sition and  manner  of  failure  showed  general  freedom  from  defects. 
No.  106,  however,  failed  at  the  top  with  a  load  of  677  lb.  per  sq.  in. , 
and  an  examination  showed  that  the  concrete  at  this  point  was 
quite  defective,  lacking  in  solidity  and  strength,  and  that  the  col- 
umn was  far  from  being  representative.     The  upper  end   of   this 

TABLE  8. 
Summary  of  Tests  of  Plain  Concrete  Columns. 


Col. 

Kind  of 
Con- 
crete 

Maximum  Load 

Age  at 
Test 
days 

Manner  of  Failure 

No. 

Total 
pounds 

lb.  per 
sq.  in. 

Ill 
112 

l-H-3 

240  000 
281  000 

2120 

2480 

65 
62 

Diagonal  shearing  without  warning 

101 
102 
103 
101 
105 
108 
109 

1-2-4 

132  000 
218  000 
250  000 
180  000 
220  000 
165  000 
205  000 

1165 
2000 
2210 
1590 
1945 
1460 
1810 

58 
69 
65 
64 

62 
72 
64 

Diagonal  shearing 
General  crushing 

(<               (< 

Diagonal  shearing 

General  crushing 

Sudden  diagonal  shearing 

116 
117 

1-3  -6 

108  000 
126  000 

955 
1110 

61 
62 

Slow  general  crushing 
General  crushing 

121 
122 

1-4-8 

65  000 
65  000 

575 
575 

63 
63 

Slow  general  crushing 

110 
128 
129 
163 
164 
168 

1-2-4 

218  000 
209  000 
200  000 
303  000 
245  000 
200  000 

1925 
1845 
1770 
2680 
2160 
1770 

203 
194 

181 
187 
187 
201 

General  crushing 

Sudden  diagonal  shearing 
Diagonal  shearing 
General  crushing 

21 
22 

1-2-31 

381  500 
389  000 

2650 
2770 

L2  mo. 
16  mo. 

Diagonal  shearing 
General  crushing 
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column  was  afterwards  cut  off  and  another  test  made  with  results 
which  showed  that  the  remainder  of  the  column  was  of  normal 
composition.  The  results  of  No.  106  are  not  included  in  the  data 
here  given.  In  general,  two  somewhat  distinct  forms  of  failure 
were  observed,  (a)  a  failure  which  may  be  termed  a  diagonal  shear- 
ing failure,  and  (b)  a  failure  which  may  be  termed  simple  com- 
pression. In  the  first  the  fracture  was  angular  in  nature,  having 
the  appearance  of  a  diagonal  shearing  failure  characteristic  of 
the  manner  of  failure  in  compression  so  common  in  brittle  mater- 
ials. In  these  failures  the  columns  broke  suddenly  and  without 
warning,  some  of  them  breaking  even  after  the  machine  had  been 
stopped  and  while  no  additional  load  was  being  applied.  A  loud 
report  accompanied  the  failure.  Column  No.  112  failed  suddenly 
and  had  given  so  little  warning  that  the  instruments  had  not  been 
removed.  In  the  second  form  of  failure,  here  called  "simple  com- 
pression", the  column  shattered,  cracking  longitudinally  for  some 
distance,  the  cracks  being  quite  well  distributed  over  the  faces  of 
the  column.  In  some  of  these,  the  failure  was  not  noted  until 
the  weighed  load  began  to  decrease,  and  the  position  of  the 
failure  was  not  determined  until  the  machine  had  produced  a  fur- 
ther shortening  of  the  column.  As  will  be  seen  in  Table  7,  nearly 
all  the  richer  mixtures  (l-li-3  and  1-2-4)  gave  diagonal  shear- 
ing failures,  and  the  columns  made  with  lean  mixtures  crushed 
and  shattered  throughout  the  whole  fracture  in  what  are  here 
termed  simple  compression  failures.  Fig.  4  is  a  view  of  a  typical 
diagonal  shearing  failure  and  Fig.  5  one  of  a  simple  compression 
failure.  Of  course,  even  the  simple  compression  failures  would 
be  produced  suddenly  with  a  free  dead  load,  but  the  action 
in  the  testing  machine  was  quite  distinct  from  the  other.  For 
both  forms  of  failure,  it  may  be  stated  in  general  that  the  ap- 
proach of  the  ultimate  strength  of  the  columns  might  have  been 
predicted  from  the  increase  in  the  rate  of  shortening  and  from 
the  shape  of  the  load-deformation  diagram. 

17.  Stress-deformation  Diagrams  for  Plain  Concrete  Columns. — 
In  Fig.  16  to  20  following  the  text,  the  stress-deformation  dia- 
grams given  represent  the  observed  loads  and  the  corresponding 
unit- deformations  or  shortenings  for  the  columns  tested.  The 
method  used  in  Bulletin  No.  10  is  followed.  The  ordinates  repre- 
sent the  load  or  pressure  in  pounds  per  square  inch   on  the  col- 
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uran  and  the  abscissas  the  unit-deformations  or  shortenings  for  a 
unit  of  length,  as  determined  from  the  observed  extensometer 
readings  for  the  gauged  length  used.  These  values  are  taken 
from  the  average  of  the  readings  on  the  four  faces  of  the  column. 
The  amount  of  deformation  was  calculated  by  using  as  the  zero 
reading  the  extensometer  reading  taken  at  the  original  zero  of 
load  or  load  at  which  the  first  reading  was  taken;  that  is  to  say, 
the  deformations  shown  are  independent  of  any  change  or  set 
which  the  load  may  have  produced  in  the  concrete.  This  is  con- 
sidered the  proper  method  since  one  purpose  of  the  determination 
of  the  shortening  is  for  application  to  the  case  of  a  column  with 
longitudinal  steel  reinforcement.  This  use  of  gross  deforma- 
tion and  not  of  elastic  deformation  is  discussed  more  at  length  in 
Bulletin  No.  10. 

18.  Strength  of  Plain  Concrete  Columns. — In  Table  8  in  the  col- 
umn "Maximum  Load"  is  given  the  ultimate  load  taken  by  the 
plain  concrete  columns.  It  will  be  noted  that  the  richer  mixtures 
give  considerably  higher  strength  than  the  leaner  ones,  the  aver- 
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Fig.  6.    Relation  Between  Strength  of  Concrete 
Columns  and  Amount  of  Cement. 

age  at  ages  not  far  from  60  days  being  as  follows  1  1 !  3  concrete, 
2300  lb.  per  sq.  in.,  1-2-4  concrete,  1740  lb.  per  sq.  in.,  1-3-0  con- 
crete, 1030  lb.  per  sq.  in.,  and  1-4-8  concrete,  575  lb.  per  sq.  in. 
In  Pig.  6  this  increase  in  strength  with  an  increased  proportion 
of  cement  is  shown  graphically,  the  weight  of  the  cement  being 
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TABLE  9. 
Properties  of  Plain  Concrete  Columns. 
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Col. 
No. 

Age 

Kind 

Initial  Mod- 
ulus of 
Elasticity 
lb.  per  sq.  in. 

Abscissa  of 

Maximum  Stress 
lb.  per  sq.  in. 

at  Test 
days 

of 
Concrete 

Vertex  of 
Parabola 

Parabola 

Observed 

Ill 

66 

l-li-3 

2  800  000 

.0015 

2100 

2120 

112 

62 

1-1^-3 

3  890  000 

.0013 

2530 

2480 

101 

58 

1-2-4 

2  230  000 

.0011 

1225 

1165 

102 

69 

1-2-4 

3  350  000 

.0012 

2010 

2000 

103 

65 

1-2-4 

3  440  000 

.0013 

2240 

2210 

104 

64 

1-2-4 

3  390  000 

.00095 

1610 

1590 

105* 

62 

1-2-4 

2  660  000 

.0014 

1860 

1945 

108* 

72 

1-2-4 

3  380  000 

.0009 

1520 

1460 

109 

64 

1-2-4 

2  830  000 

.0013 

1840 

1810 

116 

61 
62 

63 
63 

286 
203 

1-3-6 
1-3-6 

1-4-8 
1-4-8 

1-2-4 
1-2-4 

955 

117 

1110 

121 

575 

122 

575 

106 

1460 

110 

"3  270  666" 

"!o6i2" 

"  i960  "' 

1925 

128 

194 

1-2-4 

3  140  000 

.0012 

1880 

1845 

129 

181 

1-2-4 

3  600  000 

.0010 

1800 

1770 

163 

187 

1-2-4 

3  000  000 

.0017 

2550 

2680 

164 

187 

1-2-4 

3  100  000 

.0014 

2170 

2160 

168 

201 

1-2-4 

2  770  000 

.0013 

1800 

1770 

*The  columns  marked    (*)    were  made  with  Universal  cement,  all  others  with  Chicago  AA . 

given  in  terms  of  the  combined  weights  of  sand  and  stone.  The 
results  for  each  mixture  are  the  average  of  from  two  to  five  test 
columns.  It  is  evident  that  cement  is  an  effective  reinforcing 
material  and  that  as  such  it  will  compete  very  favorably  with 
steel  where  compressive  stresses  only  are  to  be  taken.  The  ad- 
dition of  cement  will  give  added  strength  quite  out  of  proportion 
to  the  additional  cost  of  the  material.  It  is  estimated  that  a 
mixture  of  l-li-3  would  cost,  say,  10%  to  15%  more  than  a  1-2-4 
mixture,  while  the  strength  would  be  increased  about  32%.  A 
similar  relation  holds  between  the  1-3-6  and  the  1-2-4  mixtures. 
The  smaller  sizes  of  columns  necessary  in  the  case  of  rich  con- 
crete may  for  the  lower  floors  of  a  building  effect  a  considerable 
saving  in  floor  space,  of  itself  an  advantage. 
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A  comparison  of  the  strength  of  1-2-4  concretes  for  the  group 
tested  at  an  age  of  about  60  days  and  for  the  group  tested  at  an 
age  of  about  6  months  shows  that  the  strength  of  the  concrete 
has  increased  in  the  interval  something  like  15%,  though  the 
variations  in  quality  of  stone  and  accidental  variations  make  this 
comparison  somewhat  uncertain.  The  stone  which  is  marked 
"soft"  was  much  poorer  in  quality  then  that  called  "hard",  and 
the  effect  of  the  quality  of  the  stone  used  is  quite  apparent  in  the 
results  of  the  tests. 

It  will  be  noted  that  the  range  of  results  is  similar  to  that 
found  in  the  plain  concrete  columns  described  in  Bulletin  No.  10. 
For  the  1-2-4  concrete  tested  at  an  age  of  about  60  days  the  extreme 
range  is  27%  above  and  34%  below  the  average  of  the  tests,  and 
the  average  variation  from  the  average  strength  is  12%.  The 
strength  of  the  1-2-4  concrete  was  higher  than  the  average  for 
the  1906  tests,  and  this  higher  strength  is  due  partly  to  the  use 
of  harder  stone  and  partly  to  other  changes  in  conditions.  As 
in  the  1906  tests,  the  ultimate  strength  was  determinable  with 
some  accuracy  by  the  location  of  the  vertex  of  the  parabola  drawn 
to  fit  approximately  the  stress- deformation  diagram.  The  loads 
corresponding  to  the  vertex  of  the  assumed  parabola  are  given 
in  Table  9  in  the  column  headed  "Parabola". 

Attention  has  already  been  called  to  the  fact  that  the  strength 
of  the  columns  is  generally  less  than  that  of  the  cubes  of  the 
same  mix  and  age  and  that  the  strengths  of  the  columns  and 
cylinders  agree  fairly  well. 

19.  Modulus  of  Elasticity. — The  treatment  of  modulus  of  elas- 
ticity of  concrete  will  be  the  same  as  that  given  in  Bulletin  No. 
10,  Tests  of  Concrete  and  Reinforced  Concrete  Columns,  Series 
of  1906.  A  discussion  on  the  stress-deformation  relation  of  con- 
crete is  also  given  in  Bulletin  No.  10.  As  there  stated,  modulus 
of  elasticity  is  a  term  which  has  been  used  very  loosely  in  con- 
nection with  reinforced  concrete.  As  a  general  property  of  ma- 
terials, it  is  defined  to  be  the  ratio  of  the  unit  stress  to  the  unit 
deformation  within  the  elastic  limit  of  the  material.  As  applied 
in  this  way  to  materials  having  the  property  of  proportionality 
of  stress  and  deformation,  the  modulus  of  elasticity  is  a  constant. 
For  materials  with  a  variable  stress-deformation  relation  like  con- 
crete, the  modulus  of  elasticity,  as  sometimes  used,  is  still  con- 


TALBOT — TESTS  OF  CONCRETE  COLUMNS  25 

sidered  to  be  the  ratio  of  the  unit  stress  to  the  unit  deformation 
regardless  of  the  amount  of  the  load  carried  relatively  to  the 
ultimate  strength.  As  thus  denned  the  modulus  of  elasticity  of 
concrete  will  be  a  variable,  and  the  value  will  decrease  rapidly 
toward  the  ultimate  strength  of  the  concrete.  For  ordinary  con- 
cretes, the  stress-deformation  relation  may  be  considered  to  ap- 
proach closely  to  a  parabola  with  its  vertex  at  the  ultimate  load, 
as  was  shown  in  Bulletin  No.  10  and  as  is  also  apparent  in  the  stress- 
deformation  diagrams  in  this  bulletin.  The  rate  of  change  of  stress 
and  deformation  at  the  beginning  of  loading  is  shown  by  the  tan- 
gent to  the  parabola  at  the  initial  load  and  the  value  of  the  mod- 
ulus of  elasticity  indicated  by  this  tangent  is  called  the  initial  mod- 
ulus of  elasticity.  The  values  of  the  ratio  between  stress  and 
deformation  for  the  first  one-third  of  the  strength  of  the  concrete 
do  not  vary  much  from  this  initial  modulus  of  elasticity,  but  they  are 
somewhat  smaller  for  loads  beyond  this,  the  value  of  the  ratio  de- 
creases rapidly  and  at  the  maximum  load  the  ratio  is  only  about  half 
of  the  initial  modulus  of  elasticity.  It  seems  better  to  determine 
the  initial  modulus  of  elasticity,  and  then  to  obtain  the  relation 
between  stress  and  deformation  for  other  loads  by  means  of  a  law 
which  may  be  considered  to  express  the  changing  relation.  Form- 
ulas to  show  the  relation  between  the  stress  and  the  deformation 
are  given  on  page  27  of  Bulletin  No.  10,  and  a  further  discussion 
is  also  given  on  page  38  of  that  bulletin.  It  should  be  remem- 
bered that  the  value  of  the  stress- deformation  ratio  for  light 
loads  on  the  concrete  is  somewhat  smaller  than  the  initial  mod- 
ulus of  elasticity,  so  that  if  a  straight-line  stress-deformation  re- 
lation (constant  modulus  of  elasticity)  is  used  for  working  loads, 
the  value  selected  should  be  less  than  the  initial  modulus  of  elas- 
ticity. This  must  not  be  taken  to  mean  that  for  relatively  low 
loads  the  constant  modulus  of  elasticity  will  give  results  which 
are  greatly  in  error. 

Comparison  may  then  be  made  by  means  of  the  initial  mod- 
ulus of  elasticity.  The  values  of  the  initial  modulus  of  elasticity 
for  the  several  plain  concrete  columns  tested  are  given  in  Table  8. 
The  average  for  the  1-2-4  concrete  at  60  days  is  3  040  000  lb.  per 
sq.  in.  This  average  is  larger  than  that  given  in  Bulletin  No.  10 
for  the  columns  tested  in  1906,  which  was  2  250  000.  It  was  appar- 
ent from  examination  that  the  concrete  in  the  1907  tests  was  denser 
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than  that  in  the  1906  tests  and,  besides,  the  stone  used  was  gen- 
erally a  harder  material.  This  may  explain  in  part  the  higher 
value  of  the  modulus  of  elasticity. 

The  effect  of  richness  of  concrete  upon  the  value  of  modulus 
of  elasticity  is  of  interest.  The  values  for  the  richer  mixtures 
are  given  in  Table  9.  The  leaner  mixtures  are  somewhat  indefi- 
nite, but  it  is  evident  that  the  addition  of  cement  gives  much 
stiffer  concrete. 

The  results  for  1-2-4  columns  tested  at  an  age  of  181  to  203  days 
give  about  the  same  value  for  the  initial  modulus  of  elasticity  as 
those  at  60  days. 

20.  Poisson's  Ratio. — When  a  load  is  applied  to  a  column  or 
other  test  piece  in  compression,  the  column  shortens  longitudi- 
nally and  at  the  same  time  expands  laterally  or  transversely. 
The  ratio  between  the  lateral  unit-deformation  involved  in  this 
lateral  expansion  and  the  unit- deformation  or  the  longitudinal 
shortening  of  the  piece  is  termed  "Poisson's  Ratio".  Poisson's 
ratio  is  of  interest  in  connection  with  the  effect  of  steel  hoops  in 
hooped  concrete  columns  for  loads  within  the  compressive  strength 
of  plain  concrete.  It  is  also  of  interest  in  studying  the  relation 
between  ten3ile  and  shearing  stresses  and  the  compressive  strength 
of  brittle  materials.  Little  definite  information  on  the  value  of 
Poisson's  ratio  for  concrete  is  available.  The  values  most  fre- 
quently quoted  are  0.25  and  0.3. 

In  the  tests  of  the  plain  concrete  columns,  observations 
were  made  to  determine  a  value  for  Poisson's  ratio.  Necessarily 
the  apparatus  and  methods  used  were  experimental  in  character. 
Refinement  of  measurement  is  essential,  and  any  lack  of  rigidity 
in  the  apparatus  or  inertia  of  parts  will  interfere  with  the  accu- 
racy of  the  data.  The  results  show  inherent  defects,  but  their  gen- 
eral trend  may  serve  to  throw  light  on  this  property  of  concrete. 
Improvements  in  the  instruments  have  now  been  made,  and  oth- 
er tests  are  now  under  way  from  which  a  more  definite  value  of 
Poisson's  ratio  for  concrete  may  be  expected. 

From  a  study  of  the  observations  obtained,  it  would  appear 
that  Poisson's  ratio  for  1-2-4  concrete  60  days  old  for  the  lower 
loads  is  probably  iV  to  \  and  that  near  the  ultimate  load  the 
ratio  increases,  probably  reaching  i.  Tests  were  made  with  better 
apparatus  on  concrete  columns  6  months  old.     For  Column  No.  163 
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the  value  is  about  0.18  and  for  Column  No.  164,  0.11  to  0.18.  Still 
later  tests  give  values  considerably  lower  than  these.  The 
amount  of  the  lateral  deformations  is  shown  in  Fig.  20.  It 
should  be  remembered  that  this  concrete  set  in  air. 

21.  Repetitive  Loading  of  Plain  Concrete  Columns. — In  most  of 
the  tests  the  column  was  loaded  progressively  to  failure;  that  is, 
without  releasing  the  load  during  the  test.  When  a  load  is  applied 
in  any  amount  and  released,  the  load  then  reapplied  and  this 
released,  and  this  application  and  release  of  the  load  repeated, 
the  longitudinal  deformation  of  the  concrete  generally  increases, 
and  there  is  also  an  increase  in  the  set  when  the  load  is  released. 
This  statement  is  true  even  for  low  loads.  For  the  smaller  loads 
there  is  a  limit  to  the  increase  in  deformation  due  to  the  repetition 
of  the  load.  The  total  deformation  and  the  resulting  set  soon  be- 
come constant  or  nearly  constant.  For  the  higher  loads  the  de- 
formation and  set  continue  to  increase  during  a  larger  and  larger 
number  of  applications,  and  failure  will  occur  under  repetitive 
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Fig.  7.    Stress-deformation  Diagram  for  Concrete  Column  No.  21. 
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loading  at  a  load  below  the  maximum  strength  for  a  single 
application.  The  number  of  repetitions  necessary  to  produce  a 
limit  to  the  increase,  and  the  amount  of  the  increase  of  deform- 
ation, will  of  course  vary  with  the  quality  and  the  age  of  the  con- 
crete. The  resulting  net  deformation  is  generally  called  the  elas- 
tic deformation,  though  it  must  be  borne  in  mind  that  the  proper- 
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ties  of  concrete  found  by  using  the  elastic  deformation  are  not 
generally  applicable  in  the  analysis  of  reinforced  beams  and 
columns.  Whenever,  after  the  repetition  of  a  given  load,  the  load 
is  increased,  the  stress-deformation  curve  at  once  rises  until  it 
joins  the  general  direction  of  the  stress-deformation  curve  for  a 
single  application  of  the  increased  load.  If  the  points  for  the  last 
repetition  of  each  load  be  joined,  a  curve  having  the  same  general 
form  as  the  curve  for  single  applications  will  be  obtained,  but 
with  greater  deformations.  This  general  effect  is  illustrated  graph- 
ically in  Fig.  11,  page  40,  of  Bulletin  No.  10. 

Columns  No.  21  and  22  were  tested  by  applying  and  releasing 
a  load  10  times,  then  applying  a  greater  load  10  times,  and  so  on  to 
the  failure  of  column.  The  change  in  deformation  and  in  set  is  shown 
in  Fig.  7.  The  increase  of  the  deformations  with  the  repetition  of  the 
several  loads  for  Column  No.  21  is  shown  in  Fig.  8.  It  will  be  noted 
that  for  the  smaller  loads  the  deformation  increases  very  slowly 
after  a  few  repetitions.  For  the  higher  loads  the  deformation 
continues  to  increase.  Evidently  at  the  upper  loads  a  large  num- 
ber of  repetitions  would  finally  produce  failure.  The  change  in 
the  set  follows  the  same  law. 

22.  Phenomena  of  Tests  of  Hooped  Columns. — The  general  phe- 
nomena accompanying  the  tests  of  hooped  columns  are  as  follows: 
The  earlier  part  of  the  test  is  much  the  same  as  for  plain  concrete 
columns.  At  a  load  equal  to  that  which  would  cause  failure 
in  a  plain  concrete  column,  or  a  little  above,  the  concrete  over 
the  spacing  bars  begins  to  scale,  and  this  is  soon  followed  with  a 
scaling  and  shelling  off  of  the  surface  of  the  column  over  the 
hoops  everywhere.  With  added  increments  of  load  beyond  the 
limit  of  strength  of  plain  concrete  the  amount  of  shortening  in- 
creases rapidly  and  the  column  expands  or  bulges  laterally  cor- 
respondingly rapidly.  The  maximum  load  in  some  cases  may 
not  be  reached  until  the  hooping  has  been  stressed  to  its  elastic 
limit,  and  in  other  cases  this  load  may  be  reached  without  devel- 
oping the  elastic  limit  of  the  hooping,  especially  when  large  lat- 
eral deflection  of  the  column  and  general  distortion  from  the  orig- 
inal shape  occur.  The  lateral  deflection  of  the  column  from  a 
straight  line  is  apparent  before  the  maximum  load  carried  is  reached 
— in  many  cases  considerably  before.  After  the  maximum  load 
is  passed,  the  lateral  deflection  rapidly  increases.     During  the 
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last  stage  of  the  test  the  column  usually  forms  a  curve  having  the 
characteristics  of  the  figure  shown  in  text  books  for  a  column  with 
fixed  ends.  Fig.  9  and  10  give  views  of  hooped  columns  after 
the  maximum  load  has  been  passed.  Some  columns  finally  bent 
out  of  line  as  much  as  4  or  5  inches,  although  the  load  then 
carried  was  only  a  small  proportion  of  the  maximum  and  this 
condition  could  not  obtain  under  a  dead  load. 

There  was  a  variation  in  the  time  of  the  first  noticeable  lat- 
eral bending  in  the  tests.  Generally  speaking,  in  the  case  of 
companion  columns,  this  bowing  was  perceptible  first  in  the  one 
which  gave  the  lowest  maximum  strength.  This  load  at  which 
bowing  became  apparent  ranged  from  60%  to  85%  of  the  maxi- 
mum load  of  the  column  in  the  case  of  the  band-hooped  columns 
and  from  70%  to  95%  in  the  case  of  the  spiral- hooped  columns, 
though  in  the  latter  the  average  was  nearly  90%.  However,  it 
was  evident  that  slight  bending  began  earlier  than  this.  The 
amount  of  this  bowing  at  the  time  of  the  maximum  load  was  not 
large,  but  its  presence,  or  the  presence  of  the  conditions  which 
caused  the  bending,  must  have  had  much  to  do  with  the  final  fail- 
ure of  the  column.  In  most  of  the  tests,  after  passing  the  maximum 
load,  the  bending  increased  rapidly  under  loads  smaller  than  the 
maximum  and  the  column  can  not  be  considered  to  have  failed 
by  direct  crushing. 

The  amount  of  shortening  in  the  hooped  column  at  the  maxi- 
mum load,  as  compared  with  plain  concrete  columns  at  their  max- 
imum load,  was  very  great.  The  total  amount  of  shortening  in  a 
hooped  column  10  ft.  long  ranged  from  I  in.  to  If  in.,  and  the 
corresponding  longitudinal  unit-deformation  was  from  0. 006  to  0. 0 1  ."> . 
This  is  six  to  twelve  times  the  shortening  in  a  plain  concrete  col- 
umn at  its  maximum  load.  The  amount  of  set  produced  in  the 
column  is  very  great.  In  Column  No.  173,  as  shown  in  Fig.  24, 
for  a  load  well  below  the  ultimate  strength  of  the  column,  this 
set  was  0.0025  per  unit  of  length,  or  over  two  thirds  of  the  total 
unit  shortening  of  the  column  at  the  first  application  of  the  load. 

The  purpose  of  reinforcing  concrete  columns  with  hooping  is 
to  restrain  the  concrete  laterally  and  to  add  to  the  strength  of 
the  column  by  preventing  the  disintegration  of  the  concrete  when 
that  limit  of  lateral  expansion  has  been  reached  for  which  in  plain 
concrete  rupture  is  produced  by  the  internal  tensile  or  shearing 
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stresses  developed.  A  little  study  will  show  that  the  effect  of 
the  hooping  for  loads  below,  the  ultimate  strength  of  plain  con- 
crete must  be  relatively  small.  Consider  that  the  load  on  the 
column  is  800  lb.  per  sq.  in. ,  about  one-half  of  the  ultimate  strength 
of  the  plain  columns  for  the  1-2-4  columns  60  days  old  of  the  tests 
under  consideration.  The  amount  of  shortening  for  a  concrete 
column  at  half  its  ultimate  load  may  be  considered  to  be  0.0003 
units  per  unit  of  length  (inches  per  inch  of  length).  If  we  consid- 
er that  Poisson's  ratio  for  this  concrete  is  i,  the  lateral  expansion 
for  the  column  will  be  0.0000375.  Even  if  we  consider  that  the 
steel  hooping  would  receive  this  unit  deformation  the  stress  in  the 
hooping  would  be  only  1100  lb.  per  sq.  in.,  and  reasoning 
from  this  it  seems  evident  that  the  effect  of  the  hooping  for  later- 
al deformations  of  this  amount  is  very  slight.  A  comparison  of 
the  stress-deformation  diagrams  for  plain  columns  and  for  hooped 
columns  shown  in  succeeding  pages  bears  this  out.  It  seems 
probable  that  voids  left  in  the  concrete  may  interfere  with  early 
pressure  on  the  hooping.  For  columns  reinforced  with  steel  rods 
placed  longitudinally  in  the  column,  with  a  load  on  the  column 
giving  a  shortening  of  0.0003,  the  stress  in  the  steel  would  be 
9000  lb.  per  sq.  in. ,  a  much  larger  amount  proportionally.  For 
hooped  columns,  if  the  value  of  Poisson's  ratio  remains  at  i  for 
higher  loads,  the  stress  in  the  hooping  would  increase  somewhat 
proportionally.  When  the  longitudinal  shortening  became  0.001, 
the  steel  in  the  hoops  would  be  stressed  3750  lb.  per  sq.  in.  If  the 
value  of  Poisson's  ratio  increases  as  the  load  at  which  plain  concrete 
would  fail  is  approached,  considering  it  to  be  0.25  at  this  point  and 
considering  also  that  the  longitudinal  shortening  of  the  column  at 
this  load  is  0.001,  the  stress  in  the  hooping  would  become  7500  lb. 
per  sq.  in.  Beyond  the  load  which  would  produce  failure  in  unre- 
strained concrete  the  conditions  in  the  columns  change  materially, 
as  is  shown  in  succeeding  pages,  and  the  hooping  receives  addi- 
tional stress  rapidly  and  its  function  in  maintaining  the  integ- 
rity of  the  concrete  is  important.  It  is  to  be  expected  that  if  other 
conditions  were  maintained  the  limit  of  strength  of  the  column 
would  be  reached  when  the  hoops  become  stressed  to  their  yield 
point.  It  is  also  to  be  expected  that  if  the  hooping  becomes 
pressed  into  the  concrete,  or  if  by  reason  of  lack  of  homogeneity 
or  other  cause  the  column  bends  or  deflects  laterally  and  the  pres- 
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sure  is  unevenly  distributed,  the  maximum  load  may  be  reached 
before  the  hoops  can  become  stressed  to  their  yield  point.  The 
tests  indicate  that  such  conditions  exist. 

23.  Stress-deformation  Diagram  for  Hooped  Columns. — Stress- 
deformation  diagrams  for  hooped  columns  are  given  in  Fig.  21  to 
25  at  the  end  of  the  text.  The  same  general  notation  is  followed 
in  these  diagrams  as  is  used  in  the  diagrams  for  plain  concrete 
columns.  Fig.  11,  page  32,  shows  Column  No.  138,  which  was 
reinforced  with  steel  bands  and  which  may  be  considered  to  be 
typical  of  the  banded  columns.  Fig.  12,  page  33,  shows  Column 
No.  182  which  was  reinforced  with  spiral  hooping  and  which  may 
be  considered  to  be  typical  of  the  spiral-hooped  columns.  An 
examination  of  all  the  diagrams  shows  that  the  stress-deformation 
diagram  given  by  hooped  columns  is  much  the  same  as  that  given 
by  plain  concrete  columns  up  to  that  load  which  would  cause  fail- 
ure in  a  plain  concrete  column  and  up  to  an  amount  of  shortening  in 
the  column,  of,  say,  0.001  or  0.0015,  unit-deformation.  That  is  to 
say,  the  comparison  shows  a  very  close  relation  between  loads  and 
shortenings  for  the  two  classes  of  columns  up  to  the  point   of 
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failure  for  plain  concrete  columns.  For  loads  greater  than  the 
ultimate  strength  of  plain  concrete,  the  shortening  of  the  hooped 
columns  increases  very  rapidly,  the  ratio  of  the  increment  of  load 
to  the  increment  of  longitudinal  deformation  (unit  shortening)  be- 
ing only  something  like  100  000  to  200  000,  varying  according  to 
the  amount  of  reinforcement.  The  stiffness  of  a  hooped  column 
for  the  added  load  after  the  hooping  has  come  into  action  is  there- 
fore very  small  as  compared  with  that  of  a  plain  concrete  column 
within  its  limit  of  strength.  The  stress-deformation  line  at  this 
stage  of  the  test  is  fairly  straight  and  it  gradually  swings  to  a 
horizontal  position  as  the  maximum  load  of  the  column  is  reached. 
Beyond  this  horizontal  portion,  if  the  test  is  continued,  the  load 
falls  off  and  the  shortening  is  continued  as  the  column  gradually 
bends  out  of  line.  If  the  straight  line  which  fits  the  part  of  the 
stress- deformation  curve  where  the  hooping  is  effective  be  pro- 
duced back  to  the  axis  of  ordinates,  (as  shown  in  Fig.   11  and  12) 
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Fig.  12.    Stress-deforhation  Diagram  for  Spiral-hooped  Column 

No.  182. 
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the  intersection  agrees  closely  with  the  load  which  produces  a 
longitudinal  shortening  of  0.001  or  0.0015.  As  stated  later,  there 
is  a  good  indication  that  this  agrees  closely  with  the  strength 
that  the  column  would  have  without  hooping.  The  agreement  of 
these  values  is  noteworthy.  The  general  slope  of  the  stress- 
deformation  curve  above  this  point  varies  with  the  amount  of  the 

TABLE  10. 
Summary  of  Tests  of  Band-hooped  Columns 


Col. 
No. 


Kind 
of  Con- 
crete 


Reinforcement 


Size  and  Spac- 
ing of  Bands 


Section 

of 
Band 
sq.  in. 


Per 
cent 


Maximum  Load 


Total 
pounds 


lb.  per 
sq.  in. 


Age 

at 

Test 

days 


12-in.  Columns. 


131 
132 
133 

136 
137 

138 

146 
147 
148 

143 

141 
142 


1-2-4 
1-2-4 
1-2-4 

1-2-4 
1-2-4 
1-2^ 

1-2-4 
1-2-4 
L-2-4 

1-2-4 

1-2-4 
1-2-4 


No.  16,  2  in.  cc. 
No.  16,  2  in.  cc. 
No.  16,  2  in.  cc. 

No.  12,  2  in.  cc, 
No.  12,  2  in.  cc. 
No.  12,  2  in.  cc. 

No.  8,  2  in.  cc. 
No.  8,  2  in.  cc. 
No.    8,  2  in.  cc. 

No.  12,  3  in.  cc, 

No.  12,  4  in.  cc. 
No.  12,  4  in.  cc. 


.065 
.065 
.063 

1.08 
1.08 
1.05 

270  000 
243  000 
247  000 

2384 
2150 
2182 

.125 
.124 
.127 

2.08 
2.07 
2.12 

323  000 
300  500 
351  000 

2860 
2660 
3110 

.193 
.192 
.192 

3.22 

3.20 
3.20 

339  000 
420  000 
327  000 

3000 
3715 

2890 

.125 

1.39 

309  000 

2735 

.122 
.122 

1.02 
1.02 

256  000 
246  0<»0 

2275 

2178 

60 
57 
59 

63 
69 
60 

60 
66 
63 

60 

59 


9-in.  Columns 


152 
153 

1-4-8 
1-4-8 

No.  16,  2  in.  cc. 
No.  16,  2  in.  cc. 

.061 
.063 

1.35 
1.41 

86  000 
80  000 

L345 
1260 

7(i 
56 

15L 

1-2-4 

No.  16,  2  in.  cc. 

.066 

1.47 

137  000 

2140 

65 

156 

1-2-4 

No.  12,  2  in.  cc. 

.123 

2.73 

190  000 

2970 

67 

157 
158 

l-H-3 
l-H-3 

No.  12,  2  in.  cc. 
No.  12,  2  in.  cc. 

.132 
.126 

2.94 
2.80 

228  000 
234  000 

3561 

3685 

67 

81 
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reinforcement.  It  will  be  seen  that  there  is  some  difference  in  the 
amount  of  deformation  for  columns  hooped  with  bands  and  with 
spirals.  This  is  discussed  in  a  succeeding  paragraph.  On  some 
of  the  figures  the  lateral  or  transverse  deformation  diagram  is 
given.     It  must  be  borne  in  mind  that  the  values  shown  by  these 

TABLE  11. 
Properties  of  Band-hooped   Columns 


Col. 

Per 
cent 

No. 

Kein. 

Strength  of 

Column  in  lb. 

per  sq.  in. 


Concrete 

from 
Diagram 


Max- 
imum 


Addi- 
tional 
Strength 
per  1  %  of 

Kein- 

forcement 

lb.  per 

sq.  in. 


Initial 

Modulus 

of  Elasti- 

ff 

city 

€ 

lb.  per 

sq.in. 

Ratio  of 
Incre- 
ments 


12-in.  Columns 


131 
132 
133 

1.085 
1.085 
1.050 

1600 
1400 
L450 

2384 
2150 

2182 

725 
690 
695 

.0012 
.0012 
.0011 

2  670  000 

2  340  000 
2  640  000 

.004 
.005 
.0045 

196  000 
150  000 
163  000 

136 
137 
138 

2.081 
2.071 
2.12 

1600 
1200 
1750 

2860 
2660 
3110 

605 
705 
640 

.0011 
.0012 
.0012 

2  910  000 
2  000  000 
2  920  000 

.006 

.0085 

.007 

210  000 
172  000 
194  000 

146 
147 

148 

3.22 
3.20 
3.20 

1250 

1650 
1900 

3000 
3715 

2890 

545 
645 
310 

.0011 
.0013 
.0012 

2  280  000 

2  670  000 

3  160  000 

.0103 

.009 

.0055 

170  000 
230  000 

180  000 

143 

1.39 

1650 

2735 

780 

.0011 

3  000  000 

.0055 

197  000 

141 
142 

1.02 
1.02 

1600 
1500 

2275 

2178 

660 
665 

.0012 
.0010 

2  670  000 

3  000  000 

.0045 
.0045 

150  000 
150  000 

9-in.  Columns 


152* 

1.35 

650 

1345 

515 

.0012 

1  080  000 

.008 

87  000 

153* 

1.41 

600 

1260 

470 

.0010 

1  200  000 

.008 

83  000 

151 

1.47 

1200 

2140 

640 

.0010 

2  400  000 

.004 

235  000 

156 

2.73 

1600 

2970 

500 

.0012 

2  670  000 

.0063 

218  000 

157* 

2.94 

1950 

3561 

550 

.0011 

3  550  000 

.006 

269  000 

158* 

2.80 

2150 

3685 

550 

.0011 

3  910  000 

.0058 

265  000 

*A11  the  columns  were  of  1-2-4  concrete,  except  152  and  153,  which  were  1--H 
158.  which  were  1-1^4-3. 
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lines  are  not  very  accurate,  but  they  serve  to  give  an  idea  of  the 
relation  existing.  Attention  is  called  to  the  fact  that  these  de- 
formations are  all  based  upon  the  original  length  of  the  column, 
since  that  is  the  condition  which  would  exist  in  construction,  and 
that  the  effect  of  set  is  not  here  considered. 

TABLE  12. 

Summary  of  Tests  of  Spiral-hooped  Columns. 

In  all  cases  pitch  of  spiral  was  1  inch. 


Col. 

No. 


Kind 

of 
Con- 
crete 

Reinforcement 

Size  of 
Wire 

Section 

of  Wire 

sq.  in. 

Per 
cent 

Maximum  Load 


Total 
pounds 


lb.  per 
sq.  in. 


A?e  at 
Test 
days 


High-carbon  steel 


171 

1-2-4 

No.  7 

.025 

0.85 

283  000 

2503 

56 

172 

1-2-4 

No.  7 

.025 

0.85 

283  000 

2506 

63 

173* 

1-2-4 

No.  7 

.024 

0.82 

277  000 

2000* 

57 

181 

1-2-4 

i-in. 

.052 

1.73 

307  000 

2718 

57 

182 

1-2-4 

i-in. 

.050 

1.67 

429  000 

3800 

60 

183 

1-2-1 

i-in. 

.050 

1.68 

428  000 

3793 

63 

Mild  steel 


176 

177 

178 

186 

187 
188 


1-2-4 

No.  7 

.025 

0.84 

1-2-4 

No.  7 

.025 

0.85 

1-2-4 

No.  7 

.025 

0.84 

1-2-4 

i-in. 

.049 

1.64 

1-2-4 

i-in. 

.051 

1.71 

1-2-4 

i-in. 

.048 

i.61 

235  000 
249  000 
251  000 

234  000 
385  000 
147  000 


2080 
2203 
2220 

2068 
3404 


60 
64 
61 

58 
62 
59 


*This  column  was  not  tested  to  destruction  as  a  hooped  column,  but  after  a  load  of  2000  lb. 
per  sq.  in.  had  been  applied,  the  spiral  was  stripped  from  the  concrete  and  the  resulting  plain 
concrete  core  tested  as  noted  in  the  text. 

24.  Modulus  of  Elasticity  and  Compressive  Deformations. — If  the 
hooping  is  effective  in  any  marked  degree  at  the  beginning  of  the 
test  it  may  be  expected  that  the  initial  modulus  of  elasticity  will 
be  greater  for  hooped  columns  than  for  plain  concrete  columns 
and  that  the  stress- deformation  diagram  will  show  that  the  col- 
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TABLE  13. 

Properties  of  Spiral-hooped  Columns 

All  the  columns  were  made  of  1-2-4  concrete. 


Col. 

Per 

No. 

cent 

Rein. 

Strength  of 

Column,  lb.  per 

sq.  in. 


Concrete 

from 
Diagram 


Max- 
imum 


Addi- 

tional 

Strength 

ner  1% 

, 

Rein- 

£ 

lb.  per 

sq.  in. 

Initial 
Modulus 
of  Elasti- 
city 
lb. per 
sq.  in. 


Ratio  of 
Incre- 
ments 


High-carbon  Steel 


171 

0.85 

1600 

2503 

1060 

.0012 

172 

0.85 

1700 

2506 

950 

.0012 

173 

0.82 
1.73 

1400 
1400 

2010 

2718 

.0010 

181 

760 

.0014 

182 

1.67 

1900 

3800 

1140 

.0014 

183 

1.68 

1900 

3793 

1130 

.0015 

2  670  000 
2  840  000 
2  800  000 

2  000  000 
2  720  000 
2  540  000 


.005 
.005 


.010 
.011 
.011 


180  000 
161  000 


127  000 
173  000 
172  090 


Mild  Steel 


176 
177 

178 

0.84 
0.85 
0.84 

1350 
1500 
1450 

2080 
2203 
2220 

870 
830 
920 

.0012 
.0012 
.0012 

186 

187 
188* 

1.64 
1.71 

1150 

1800 

2068 
3404 

560 
940 

.0012 
.0011 

2  250  000 
2  500  000 

2  420  000 

1  920  000 

3  280  000 


.0045 
.0045 
.005 

.008 
.0065 


162  000 
156  000 
154  000 

115  000 
247  000 


*Not  included  in  this  table  on  account  of  being  loaded  eccentrically.    (See  p.  45). 

umn  is  stiffer  for  loads  up  to  the  ordinary  compressive  strength  of 
concrete.  It  is  worth  while  to  make  an  examination  of  the  por- 
tion of  the  stress-deformation  curve  for  the  first  stage  of  the  test. 
To  do  this  the  point  where  the  first  marked  change  occurs  in  the 
direction  of  the  line  from  that  for  plain  concrete,  or  which  corre- 
sponds with  the  ultimate  longitudinal  deformation  found  in  plain 
concrete  columns  (ranging  from  0.001  to  0.0015)  indicated  in 
the  tables  by  *',  is  determined.  A  study  of  the  diagrams  makes  it 
seem  probable  that  the  load  causing  this  shortening  corresponds 
closely  with  the  ultimate  strength  of  the  concrete  of  the  column. 
Tables   11   and   13,    p.  85  and  37,  give  the  results  found.      The 
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variation  in  these  values  is  not  greater  than  that  found  in 
plain  concrete  columns,  but  the  average  strength  is  some- 
what less  than  the  average  for  the  plain  concrete  columns  of 
the  same  mix  and  age.  The  tests  of  cubes  and  cylinders 
from  the  same  mix,  so  far  as  these  were  made,  confirm  the  belief 
that  the  values  thus  found  are  representative  of  the  strength  of 
the  concrete.  It  is  interesting  to  note  that  the  load  thus  obtained 
agrees  fairly  well  with  that  found  by  taking  the  straight  portion  of 
the  stress-deformation  curve  as  it  averages  beyond  the  elbow  and 
extending  it  backward  to  an  intersection  with  the  axis  of  ordinates 
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Fig.  13.    Ultimate  Strength  of  Hooped  Columns. 
(A  in  Fig.  11  and  12).     After  determining  the  critical  point  above 
described,  the  calculation  of  the  initial  modulus  of  elasticity  may 
be  made  by  the  method  used  for  plain  concrete  columns.     These 
results  are  also  given  in  Tables  11  and  13,  p.  35  and  37. 

The  initial  modulus  of  elasticity  for  the  first  stage  obtained  in 
this  way  averages  about  2  610  000  1b.  per  sq.  in.  for  the  hooped 
columns  made  of  1-2-4  concrete.  The  average  initial  modulus  of 
elasticity  for  the  corresponding  plain  concrete  columns  is  3  040  000 
lb.  per  sq.  in.  As  a  matter  of  fact  the  determination  of  this  ini- 
tial modulus  of  elasticity  for  hooped  columns  is  subject  to  variation 
of  judgment,  but  it  appears  then  that  the  hooped  columns  are  less 
stiff  through  the  first  stage  than  are  the  plain  concrete  columns. 
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Using  the  parabolic  relation  to  determine  points  for  lower  loads  than 
the  assumed  ultimate  strength  of  the  concrete  (the  method  found 
satisfactory  for  the  plain  concrete),  the  calculated  points  so 
obtained  show  a  very  close  agreement  with  the  observed  stress- 
deformation  curve.  No  reason  is  known  for  the  apparent  decrease 
in  stiffness,  though  the  presence  of  the  hooping  may  affect  the 
fabrication  of  the  columns  or  their  shrinkage  in  setting  and  the 
density  of  the  concrete.     At  any  rate,  it  seems  evident  that  there 
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Fig.  14.    Additional  Strength  Due  to  Hooping. 
must  be  very  little  restraint  by  the  hoops  through  this  stage. 
An  analytical  treatment  of  the  stresses  which  may  be  developed 
in  hoops,  especially  with  the  low  value  of  Poisson's  ratio  then 
acting,  leads  to  similar  conclusions. 
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When  loads  are  applied  which  give  shortenings  larger  than 
0.001  to  0.0015,  the  second  stage  begins  and  a  considerable  stress 
is  brought  into  action  in  the  hooping.  As  the  load  is  added  the 
restraint  of  the  hooping  becomes  marked  and  there  is  a  very 
rapid  increase  in  the  amount  of  shortening  produced  by  the  added 
load.  The  stress-deformation  diagram,  through  this  stage  of  the 
test,  approximates  a  straight  line  for  the  banded  columns.  For 
those  with  spiral  reinforcement  only  a  small  portion  is  straight, 
but  the  main  part  of  the  curve  has  one  general  direction.  The 
ratio  of  the  increment  of  load  to  the  increment  of  deformation, 
however,  is  comparatively  small.  It  is  well  to  compare  this  ratio 
with  the  modulus  of  elasticity  of  concrete.  The  values  for  this 
ratio,  determined  from  the  stress-deformation  diagrams  are  given 
in  Tables  11  and  13,  in  the  columns  headed  "Ratio  of  Increments", 
e"  being  the  unit-deformation  corresponding  to  the  maximum  load. 
The  average  value  for  this  ratio  for  columns  with  band  rein- 
forcement is  184  000;  for  those  with  spiral  reinforcement,  165  000. 
This  ratio  is  very  much  less  than  the  modulus  of  elasticity  of  con- 
crete. The  values  for  Columns  No.  152  and  153  show  that  the 
ratio  becomes  much  smaller  for  leaner  concrete;  but  those  for 
Columns  No.  157  and  158  indicate  that  it  is  higher  for  the  richer 
mixture.  Attention  is  called  to  the  fact  that  the  deformations 
used  refer  to  the  original  length  and  not  to  the  length  after  the 
set  is  deducted. 

It  will  be  seen  that  the  amount  of  shortening  in  the  column 
before  the  maximum  load  is  reached  depends  upon  the  amount  of 
reinforcement,  and  that  it  is  more  for  columns  with  spiral  rein- 
forcement than  for  columns  reinforced  with  bands.  The  average 
value  for  the  banded  columns  given  in  terms  of  the  excess  of  the 
unit  shortening  of  the  hooped  column  over  the  shortening  for  a 
plain  concrete  column  per  1  %  of  reinforcement  ranges  from  0.0031 
to  0.0059  for  the  columns  with  spiral  reinforcement,  and  0.0013  to 
0.0035  for  columns  reinforced  with  bands.  Attention  should  be 
called  to  the  fact  that  the  columns  reinforced  with  spiral  will  sus- 
tain higher  loads,  as  well  as  shorten  more,  than  the  columns  re- 
inforced with  bands.  It  is  not  known  whether  the  concrete  bulged 
out  more  between  the  spirals  than  between  the  hoops,  but  this 
condition  seems  probable. 

25.     Strength  of  Un<>i>,<i  Columns.— In  Table  10  are  given  the 
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loads  carried  by  the  columns  reinforced  with  bands,  and  in  Table 
12  those  with  spiral  reinforcement.  Fig.  13  shows  the  results 
graphically.  It  is  evident  that  hooping  adds  strength  and  that 
the  excess  of  strength  over  that  of  plain  concrete  columns  is  pro- 
portional to  the  amount  of  reinforcement.  The  full  effect  of  the 
hooping  is  not  clearly  shown  in  Fig.  13  since  the  concrete  in  each 
column  has  its  individual  strength.  A  better  comparison  is  made 
by  first  estimating  the  strength  of  the  concrete  for  each  column 
as  found  in  "23.  Modulus  of  Elasticity  and  Compressive  Deform- 
ations". If  the  increase  in  strength  over  that  of  a  plain  concrete 
column  be  divided  by  the  per  cent  of  reinforcement,  the  addition- 
al strength  per  1%  of  reinforcement  is  obtained.  This  is  shown 
in  Table  11  and  Table  13  in  the  columns  headed  "Additional 
strength  per  1%  of  reinforcement".  It  is  also  shown  graph- 
ically in  Fig.  14.  The  strength  assumed  for  the  concrete  of 
the  individual  columns  involves  errors  of  judgment,  even  if  the 
method  of  determining  it  is  considered  to  be  a  proper  one,  but  a 
careful  study  of  the  diagrams  shows  that  the  variation  due  to 
judgment  may  not,  for  average  of  the  results,  amount  to  more  than 
50  lb.  per  sq.  in.  above  the  values  assumed,  and  this  variation  will 
not  seriously  affect  the  values  found  for  the  added  strength  of  the 
column  due  to  hooping.  The  strength  of  the  1-2-4  concrete  given 
for  the  hooped  columns  is  less  than  the  average  for  the  1-2-4  con- 
crete columns.  Part  of  this  may  possibly  be  due  to  difference  in 
materials  and  part  to  the  effect  of  the  presence  of  the  hooping 
upon  the  density  of  the  concrete. 

For  the  columns  reinforced  with  bands  there  is  a  fair  agree- 
ment in  the  value  of  this  additional  strength  per  1%  of  reinforce- 
ment for  all  the  12-in.  columns  regardless  of  the  amount  of  rein- 
forcement. The  average  is  669  lb.  per  sq.  in. ,  if  we  except  Column 
No.  148  which  appears  by  the  stress- deformation  diagram  and 
other  data  to  be  erratic,  probably  the  result  of  poor  concrete  or 
of  defective  hooping.  The  9-in.  band-hooped  columns  are  also 
fairly  uniform,  the  average  additional  strength  being  537  lb.  per 
sq.  in.  per  1%  of  reinforcement.  It  is  noticeable  that  the  addi- 
tional strength  per  1%  of  reinforcement  in  these  9-in.  columns  is 
much  the  same  for  the  1-4-8,  1-2-4  and  1-1 J-3  concrete,  and  that 
the  difference  in  the  strength  of  these  columns  seems  to  show 
up   mainly  through    a   difference   in   the   strength    of   the   con- 
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crete  itself.  It  should  be  recalled,  however,  that  the  hooped 
column  with  1-4-8  concrete  is  much  less  stiff  through  the  second 
stage  than  is  that  with  l-li-3  concrete.  The  reader  should  also 
keep  in  mind  the  low  degree  of  stiffness  in  hooped  columns,  as 
discussed  elsewhere. 

For  spiral  hooping  there  is  a  greater  additional  strength  per 
1%  of  reinforcement,  and  also  more  variation  in  the  results. 
Omitting  No.  186  which  seems  to  be  poor  material,  the  average 
additional  strength  per  1%  of  reinforcement  for  these  columns  is 
955  lb.  per  sq.  in.,  which  is  about  50%  greater  than  the  additional 
strength  found  in  the  columns  reinforced  with  bands.  There  seems 
to  be  little  difference  between  the  strength  given  by  the  high- car- 
bon wire  and  the  mild- steel  wire,  especially  when  it  is  remembered 
that  the  No.  7  high-carbon  wire  has  a  yield  point  of  60  000  lb. 
per  sq.  in.  and  the  i-in.  high-carbon  steel  wire  of  110  000  lb.  per  sq. 
in.  The  results  with  the  mild-steel  wire  are  somewhat  lower,  but 
not  so  much  as  might  be  expected  when  the  difference  in  elastic 
limit  is  taken  into  consideration. 

What  the  cause  is  of  the  greater  added  strength  per  1  %  of  re- 
inforcement with  the  spirals  than  with  the  bands,  cannot  be  stated. 
The  observations  indicate  that  the  lateral  deformation  of  the 
concrete  between  hoops  at  the  maximum  load  is  greater  in  columns 
with  spirals  than  in  those  with  bands.  Considering  this  and  also 
that  the  columns  with  spirals  compress  more  before  final  failure, 
as  shown  by  the  stress-deformation  diagrams,  and  that  the  stress- 
deformation  curve  bends  out  of  a  straight  line  into  a  long  curve,  it 
would  seem  possible  that  the  concrete  squeezes  out  between  the 
hooping,  so  to  speak,  in  a  larger  proportional  degree  with  the  spi- 
ral reinforcement  and  thus  that  the  spiral  hooping  was  not  stressed 
up  to  its  elastic  limit.  The  measurement  of  the  stretch  in  the 
bands  indicates  that  in  some  of  the  columns  this  material  reaches 
its  elastic  limit.  It  seems  evident  that  the  hoops  are  stretched 
more  at  their  edges  than  at  their  center.  It  is  likely  that 
in  the  placing  together  of  the  band  reinforcement  by  the  work- 
men in  the  laboratory,  the  structure  formed  was  more  uneven 
and  less  perfect  than  was  the  spiral  reinforcement.  The 
whole  question  is  complicated  by  the  bulging  or  lateral  de- 
flection of  the  columns,  and  this  appeared  at  a  relatively  earlier 
stage  with  the  bands  than  with  the  spirals.     A  study  of  the  read- 


TALBOT — TESTS  OF  CONCRETE  COLUMNS  43 

ings  of  the  individual  extensometers  indicates  that  there  may  be 
quite  a  difference  in  the  amount  of  shortening  at  points  around  the 
column  before  lateral  deflection  of  the  column  is  noticeable.  As 
this  part  of  the  problem  was  unexpected,  the  observations  were 
not  made  carefully  enough  to  state  definite  results. 

A  general  form  of  formula  for  hooped  columns  may  be  given 
as  follows: 

c  =  c  +  pc" 
where  c  is  the  maximum  strength  of  the  hooped  column,  c  is  the 
strength  of  the  plain  concrete  column,  c"  is  a  coefficient  for  the 
hooping  and  p  is  the  ratio  of  reinforcement  found  by  dividing  the 
total  volume  of  the  hoops  by  the  volume  of  the  core  within  the 
hoops,  in  other  words,  by  considering  the  hooping  to  be  dis- 
tributed as  a  thin  cylinder  continuously  along  the  hooped  column. 

The  values  given  by  the  writer  in  the  Proceedings  of  the 
American  Society  for  Testing  Materials,  for  1907,  are  not  far  from 
the  average  results  for  the  12-in.  columns.  Using  these,  the  ex- 
pression for  the  columns   reinforced  with  bands  may  be  given  as 

c  =  1600  +  65  000  p 
and  that  for  the  spiral  as 

c  =  1600  +  100  000  p 
The  latter  equation  may  be  considered  to  give  values  too  large  for 
the  mild- steel  wire  and  smaller  than  the  average  for  high- carbon 
steel  wire.     Considerable  variation  from  these  values  may  be  ex- 
pected. 

26.  Lateral  Pressure  and  Stress  in  Hooping. — The  expansion 
of  the  column  under  load  is  accompanied  by  a  lateral  pressure  and 
this  pressure  develops  stresses  in  the  hooping.  It  seems  from  the 
stress-deformation  diagrams  that  the  lateral  pressure  is  propor- 
tional to  the  excess  of  the  load  over  the  strength  of  the  plain  con- 
crete. The  observations  made  on  the  expansion  of  the  bands  also 
indicate  that  the  stress  in  the  hooping  is  proportional  to  the  incre- 
ments of  load  beyond  the  load  which  plain  concrete  would  resist. 
No  analytical  treatment  of  the  stresses  produced  by  the  concrete  as 
it  expands  will  be  gone  into,  but  it  may  be  worth  while  to  see  what 
stresses  are  possibly  developed  in  the  hooping  and  what  the  relation 
between  the  longitudinal  compressive  stress  and  the  lateral  expan- 
sive stress  may  be.  It  is  evident  from  the  tests  that  many  of  the 
band-hooped   columns   failed   by  the    bands  becoming    stressed 
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beyond   the  yield  point  of  the  metal.     This   gives  a  clue  to  the 
amount  of  stress  existing. 

The  following  nomenclature  is  used:  t'  the  thickness  of  band, 
b  the  breadth  of  one  band,  a  the  distance  from  center  to  center  of 
bands  or  spirals,  t"  the  diameter  of  the  wire  of  the  spiral,  p  the 
ratio  of  the  volume  of  the  hooping  to  the  volume  of  the  core  or 
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Fig.  15.    Curves  for  Spiral-hooped  Column  No.  188,  Eccentrically 

Loaded. 

part  of  the  column  within  the  hooping,  and  d  the  diameter  of  the 
hooped  core.  Then  the  equivalent  thickness  of  an  enveloping 
cylinder  of  metal  is  for  the  band-hooped  columns 

a 
and  for  the  spiral  hooping 

_    t"2 
t~~  ad2' 
For  either  case  we  have 

t  =  2J? 

1     '    4  ' 

If  we  consider  by  analogy  that  the  lateral  pressure  is  caused 
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by  a  lateral  pressure  in  the  concrete  similar  to  hydrostatic  pres- 
sure, using  P  as  this  lateral  pressure  in  pounds  per  square  inch, 
we  shall  have  from  the  ordinary  formula  for  thin  cylinders 

P  _    Pf 
2 

where  /  is  the  stress  in  the  hooping  in  lb.  per  sq.  in.  If  now  the 
stress  in  the  hoops  for  the  maximum  load  on  the  column  be  taken 
at  the  yield  point  of  the  material,  48  000  lb.  per  sq.  in. ,  this  gives 

P  =  24  000 
or  240  lb.  per  sq.  in.  equivalent  lateral  pressure  for  each  1%  of 
hooping.  The  formula  already  used  considers  that  650  lb.  per  sq.  in. 
added  compressive  strength  is  given  for  1%  of  band  hooping. 
From  this  it  would  seem  that  the  ratio  of  the  equivalent  lateral 
pressure  to  the  added  strength  given  by  the  reinforcement  in  the 
case  of  the  band-hooped  columns  is  0.36.  The  probability  that 
many  of  the  columns  failed  by  lateral  bending  and  without  stress- 
ing the  bands  to  the  elastic  limit  should  be  kept  in  mind  in  this 
connection.  While  this  may  not  be  an  accurate  value  it  may  give 
some  indication  of  the  ratio  between  the  lateral  stress  and  the 
longitudinal  stress  in  such  columns. 

27.  Condition  of  Hooped  Concrete  after  Testing. — An  experi- 
ment of  some  interest  was  made  by  first  loading  a  hooped  column 
and  then  stripping  the  wire  from  it  and  testing  the  naked  column. 
Column  No.  173  (No.  7  wire,  0.82%  reinforcement)  was  loaded  to 
2000  lb.  per  sq.  in.  with  a  resulting  unit  shortening  of  0.0036.  The 
load  was  then  released  and  a  set  of  0.0025  was  found.  A  load  of 
1945  lb.  per  sq.  in.  was  then  applied  when  the  unit  shortening 
became  0.0041.  Upon  the  releasing  of  this  load  the  set  was  found 
to  be  0.0027.  The  spiral  was  then  stripped  from  the  column  with- 
out taking  it  from  the  machine  and  a  load  was  applied  to  the 
naked  column.  The  column  failed  at  1080  lb.  per  sq.  in.  The 
indications  of  the  stress-deformation  diagram  are  that  the  plain 
concrete  had  a  strength  originally  of  about  1400  lb.  per  sq.  in.  It 
seemed  likely  that  the  stripped  column  sustained  as  much  as  75% 
of  its  original  strength  as  plain  concrete.  A  comparison  with  the 
other  columns  and  the  form  of  the  stress-deformation  diagram 
indicates  that  the  hooped  column  might  have  held  2400  lb.  per  sq. 
in.  before  failure. 

28.  Eccentric  Loading. — Column  No.   188  was  tested  with  the 
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pressure  applied  both  top  and  bottom  along  a  line  of  li  in.  away 
from  the  center  of  the  column.  This  column  was  reinforced  with 
i -in.  wire  giving  1.62%  of  reinforcement.  The  phenomena 
accompanying  the  test  were  similar  to  those  for  central  loading 
except  that  the  lateral  deflection  was  apparent  at  an  earlier  load  and 
increased  rapidly.  The  lateral  deflection  amounted  to  0.72  inch 
when  the  maximum  load  was  reached.  Fig.  15  shows  the  deform- 
ations on  two  sides  of  the  column  and  also  the  amount  of  lateral 
deflection.  When  the  eccentricity  of  the  load  is  considered  and 
also  the  amount  of  eccentricity  due  to  the  lateral  bending,  the 
final  loading  carried  agrees  very  closely  with  what  would  be 
expected  with  a  homogeneous  column  under  the  same  conditions. 
It  is  evidently  not  necessary  to  have  the  internal  pressure  uni- 
formly distributed  over  the  cross  section  of  the  column  in  order 
to  utilize  the  strength  of  the  hooping  as  would  be  the  case  if  the 
internal  pressure  were  considered  to  act  in  a  manner  similar  to 
hydrostatic  pressure.  The  column  tested  showed  considerable 
toughness,  a  property  which  would  not  be  present  in  plain  con- 
crete eccentrically  loaded. 

29.  Summary. — The  writer  feels  that  there  is  yet  much  to  be 
learned  about  concrete  and  reinforced  concrete  columns.  After 
making  the  tests  described  he  has  had  to  give  up  several  precon- 
ceived notions  of  the  action  of  hooped  concrete,  notions  based  upon 
meager  statements  of  tests  and  analyses  made  from  assumed  condi- 
tions. The  tests  here  given  are  not  altogether  conclusive,  but  they 
may  help  to  clear  up  uncertainties  and  give  an  idea  of  the  action 
of  concrete  when  restrained  by  hooping.  The  tests  on  plain  con- 
crete columns  also  bring  out  instructive  results.  The  following 
observations  on  the  tests  may  be  made: 

1.  The  average  ultimate  strength  of  the  plain  concrete  col- 
umns at  ages  not  far  from  60  days  is  as  follows:  1-1  V-o  concrete, 
2300  lb.  per  sq.  in.;  1-2-4  concrete,  1740  lb.  per  sq.  in.:  1-3-6  con- 
crete, 1030  lb.  per  sq.  in.;  1-4-8  concrete,  575  lb.  per  sq.  in.  The 
effect  of  the  amount  of  cement  used  in  the  concrete  is  very  marked, 
and  cement  is  shown  to  be  an  economical  reinforcing  material 
for  compression  members.  The  average  variation  of  individual 
results  from  the  average  strength  in  the  case  of  1-2-4  concrete 
about  60  days  old  is  12%,  ranging  from  34%  below  to  25$  above 
the  average.     The  tests  made  at  an  age  of  6  months  indicate  an 
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increase  of  something  like  15%  over  the  strength  at  60  days. 

2.  The  average  initial  modulus  of  elasticity  of  1-2-4  concrete 
columns  at  an  age  of  about  60  days  was  3  040  000  lb.  per  sq.  in. ,  as 
compared  with  2  250  000  lb.  per  sq.  in.  given  for  the  columns 
in  Bulletin  No.  10.  The  larger  value  is  due  in  part  to  the  denser 
and  harder  concrete  used. 

3.  Poisson's  ratio  for  concrete  in  compression  is  a  variable 
quantity,  increasing  considerably  just  before  the  ultimate  failure 
of  the  concrete.  The  value  varies  with  the  age  and  nature  of  the 
concrete.  A  value  of  0.1  to  0.16  for  1-2-4  concrete  60  days  old 
may  be  tentatively  given  for  the  lower  loads,  with  values  as  high 
as  0.25  or  0.3  near  the  crushing  load.     This  concrete  set  in  air. 

4.  The  repetition  of  a  load  gives  an  increased  amount  of 
shortening  and  an  increased  set,  the  amount  of  this  increase  vary- 
ing with  the  amount  of  the  load.  For  the  lower  loads  the  increase 
becomes  small  after  a  small  number  of  repetitions.  For  the  higher 
loads  the  effect  of  continued  repetition  is  much  more  marked.  The 
phenomena  attending  repetitive  loading  of  columns  are  important 
and  merit  much  fuller  investigation. 

5.  In  hooped  columns  the  hooping  does  not  come  into  action  to 
any  great  extent  before  a  load  equivalent  to  the  ultimate  strength 
of  plain  concrete,  or  a  little  below,  is  reached.  The  longitudinal 
deformation  and  the  lateral  deformation  are  not  modified  by  the 
hooping  to  any  great  extent  before  this  load  is  reached. 

6.  Beyond  this  load  the  column  shortens  rapidly  and  the  hoop- 
ing receives  additional  stress  correspondingly  and  its  function  in 
restraining  the  concrete  laterally  becomes  important.  If  the  col- 
umn maintains  a  straight  position,  the  limit  of  strength  may  be 
expected  to  come  when  the  stress  in  the  hooping  exceeds  the  yield 
point  of  the  metal.  If  the  column  deflects  laterally  through 
eccentric  loading  or  lack  of  uniformity  in  the  concrete  or  in  the 
distribution  of  the  hooping,  a  lower  strength  will  be  found. 

7.  The  additional  strength  of  the  hooped  column  over  that 
for  an  unreinforced  concrete  column  of  the  same  quality,  as  de- 
termined from  the  stress-deformation  diagram,  averages  for  each 
one  per  cent  of  hooping  955  lb.  per  sq.  in.  for  the  spiral-hooped 
columns  and  669  lb.  per  sq.  in.  for  the  band-hooped  columns  hav- 
ing a  diameter  of  12  in.  The  additional  strength  per  one  per  cent 
of  reinforcement  is  much  the  same  for  1-4-8  concrete,  1-2-4  con- 
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crete,  and  1-1J-3  concrete,  but  it  must  not  be  overlooked  that  the 
1-4-8  concrete  is  much  less  stiff  than  are  the  columns  with  richer 
mixtures,  especially  after  the  hooping  is  brought  into  action.  The 
difference  between  the  strength  of  columns  with  high-carbon  wire 
and  with  mild-steel  wire  is  not  marked  enough  to  warrant  draw- 
ing conclusions. 

8.  For  loads  which  bring  the  hooping  into  full  action,  the 
increase  in  the  longitudinal  deformation  and  in  the  lateral  deform- 
ation are  approximately  proportional  to  the  added  load.  The  ratio 
of  lateral  to  longitudinal  deformation  is  more  nearly  constant  than 
for  plain  concrete.  Through  this  stage  the  ratio  of  increment  of 
load  to  increment  of  longitudinal  shortening  is  low,  the  averages  for 
columns  with  band-hoops  being  184  000  and  with  spiral-hoops 
165  000 .  Th  is  ratio  is  very  much  less  than  the  modulus  of  elasticity 
of  concrete  and  the  hooped  columns  through  this  stage  of  loading 
are  correspondingly  less  stiff  than  concrete  columns.  The  amount 
of  the  set  produced  by  the  higher  loads  is  very  great. 

9.  The  total  amount  of  shortening  before  failure  occurs  is 
very  great,  averaging  something  like  six  to  twelve  times  that  for 
plain  concrete  and  fifty  times  that  for  the  ordinary  working  stress- 
es in  concrete.  At  the  maximum  load  it  is  somewhat  less  than 
this,  say  five  times  as  much  as  plain  concrete  and  perhaps  five 
times  that  of  mild  steel  at  its  elastic  limit.  Cracking  and  peeling 
of  the  concrete  are  apparent  at  loads  corresponding  to  the  ulti- 
mate strength  of  concrete. 

10.  The  excessive  amount  of  compression  before  failure 
affects  the  problem  of  combining  hooping  and  longitudinal  rein- 
forcement very  unfavorably,  if  the  stresses  are  to  be  kept  within 
the  elastic  limit  of  the  latter. 

11.  The  lateral  deflection  of  hooped  columns  is  large  and 
may  seriously  affect  the  ultimate  strength  which  is  available  for 
the  column.  For  continued  application  of  stress  beyond  the  max- 
imum load,  the  column  deflects  enormously.  Scaling  of  the  surface 
of  the  concrete  and  lateral  deflections  are  warning  signs  given  well 
before  danger  of  failure  exists. 

12.  The  concrete  itself  retains  a  considerable  element  of  its 
strength  even  after  it  has  been  shortened  in  a  hooped  state  four 
or  five  times  as  much  as  would  produce  failure  in  unhooped  con- 
crete columns. 
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13.  Columns  of  rich  and  lean  concrete  exhibit  phenomena 
of  similar  characteristics,  the  hoop  stress  becoming  effective  at 
the  ultimate  strength  of  unhooped  concrete. 

14.  The  one  experiment  indicates  that  hooped  columns  will 
resist  eccentric  stresses  in  somewhat  the  same  way  as  will  other 
material. 

15.  Light  hooping  offers  security  against  sudden  failure  and 
unevenness  of  concrete  and  will  enable  higher  working  stresses 
to  be  used.  In  combination  with  rich  concretes  and  longitudinal 
reinforcement,  using  low  stresses  in  hoops  (i.  e. ,  basing  the 
strength  upon  an  assumed  ultimate  strength  but  little  beyond  the 
average  ultimate  strength  of  plain  concrete),  a  satisfactory  column 
may  be  made.  It  is  suggested  that  a  column  of  this  character 
may  be  designed  in  such  a  way  that  the  longitudinal  reinforcement 
may  carry  the  load  during  construction  and  still  not  be  over- 
stressed  later  with  the  final  loading,  provided  the  basal  point  for 
use  with  the  factor  of  safety  in  determining  the  working  strength 
of  the  column  is  somewhat  below  the  ultimate  strength  for  plain 
concrete. 

16.  Heavy  hooping  gives  added  strength,  but  in  utilizing  the 
full  strength  of  such  columns  the  column  shortens  unduly,  deflects 
laterally,  and  will  strain  longitudinal  reinforcement  many  times 
beyond  the  deformation  which  exists  at  the  elastic  limit  of  the 
metal.  Tt  may  be  applicable  where  a  large  limit  of  safety  is  de- 
sired or  where  large  variations  in  shortening  are  unobjectionable, 
as  where  the  structure  is  articulated.  So  far  as  ultimate  strength  is 
concerned,  hooping  adds  two  to  three  times  as  much  strength  to 
the  column  as  does  an  equal  amount  of  longitudinal  reinforcement, 
but  with  the  extreme  amount  of  shortening  and  the  liability  to 
lateral  deflection  it  may  be  doubted  whether  this  increase  of 
strength  may  be  utilized  to  any  great  extent  in  ordinary  construc- 
tion. 
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Fig.  17.    Stress-deformation  Diagrams  for  Concrete  Columns. 
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TESTS  OP  A  LIQUID  AIR  PLANT 

By  C.  S.  Hudson,  Formerly  Instructor  in  Physics,  University 

of  Illinois,  and  C.  M.  Garland,  Instructor  in 

Mechanical  Engineering 

The  tests  were  made  in  the  Mechanical  Engineering  Labora- 
tory of  the  University  of  Illinois  for  the  purpose  of  determining: 

(a)  The  most  economical  conditions  for  operating  the  liquid 
air  plant  belonging  to  the  departments  of  Physics  and  Mechanical 
Engineering. 

(b)  The  power  consumed  and  the  cost  of  production  of 
liquid  air  in  plants  of  this  type. 

(c)  The  efficiencies  of  the  separate  units  composing  the 
plant. 

(d)  Incidentally,  the  keeping  properties  of  liquid  air  in  De- 
war  bulbs  of  different  sizes,  mirrored  and  unmirrored,  enclosed 
in  felt  receptacles  and  open  without  covering  of  any  kind. 

Description  of  Apparatus 

Fig.  1  is  a  diagrammatic  sketch  of  the  plant.  It  includes  a 
four- stage  high-pressure  air  compressor  built  by  the  Norwalk 
Iron  Works,  compressing  up  to  4000  pounds  to  the  square  inch. 
(See  Fig.  2).  The  cylinders  of  the  compressor,  four  in  number, 
are  arranged  two  in  tandem,  the  first  and  third,  second  and 
fourth,  and  placed  side  by  side  on  the  bed  plate.  The  dimensions 
of  the  compressor  are :  cylinders  7i  x  3f  x  2  x  1  x  8-in.  stroke.  The 
rated  speed  is  180  r.  p.  m.  and  the  capacity  17.5  cu.  ft.  of  free  air 
per  minute  delivered.  Between  each  compressor  cylinder  and 
the  next  higher  cylinder  an  intercooler  is  placed,  through  which 
the  air  passes  and  in  which  the  heat  due  to  the  compression  is 
partly  abstracted  by  circulating  water. 
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The  air  for  use  in  the  compressor  is  ordinarily  taken  from 
the  atmosphere  above  the  laboratory  building  and  drawn  through 
a  low  pressure  purifier  consisting  of  a  metallic  can  15  in.  in  diam- 
eter by  36  in.  in  height,  containing  trays  on  which  lime  is  spread. 
Owing  to  the  small  diameter  of  the  air  inlet,  (one  inch),  and  to  a 
tendency  of  the  lime  to  cake  in  the  trays,  this  purifier  has  been 
found  to  be  unsatisfactory,  as  it  caused  unnecessary  suction  on 
the  compressor,  thereby  lowering  the  efficiency  and  also  at  times 
permitting  lime  dust  to  be  drawn  into  the  cylinder.  During  these 
tests  this  purifier  was  cut  out  and  the  air  taken  from  the  inside 
of  the  building.  When  the  purifier  was  used  again  later,  it  was 
found  that  the  greater  part  of  the  impurities,  carbon  dioxide  and 
water,  was  removed  by  the  high  pressure  purifier. 

Prom  the  high  pressure  cylinder  the  air  is  conducted  to  the 
air  receiver,  R,  (Fig.  1),  through  i-in.  extra  heavy  iron  pipe  sub- 
merged in  a  channel  of  running  water.  This  receiver  is  an  im- 
ported Mannesmann  steel  tube  12  ft.  long  by  9i  in.  outside  diam- 
eter, tapering  to  about  2  in.  in  diameter  at  the  end.  The 
thickness  of  the  walls  of  this  tube  is  about  fy  in.  The  tube  was 
tested  by  the  maker  to  4000  lb.  per  sq.  in.  and  may  be  used  con- 
tinuously at  a  working  pressure  of  3000  lb.  per  sq.  in.  The 
action  of  the  receiver  in  maintaining  a  constant  pressure  of  the 
liquefier  was  highly  satisfactory. 

A  10- in.  Schaefer  and  Budenberg  hydraulic  pressure  gage, 
graduated  from  0  to  8000  lb.  per  sq.  in.  in  increments  of  200  lb. 
was  used  to  measure  the  pressure  in  the  receiver.  From  the  re- 
ceiver the  air  is  conducted  through  ?-in.  iron  pipe,  then  through 
ft  -in.  copper  tubing  to  the  high  pressure  purifier  P,  and  from 
this  through  a  coil  of  copper  tubing  of  the  same  size  fitted  into 
an  insulated  cooling  tank  S,  8  in.  in  diameter  by  "20  in.  deep. 
From  this  coil  the  air  enters  the  liquefier  Z,  the  connections  be- 
tween coil  and  liquefier  being  made  as  short  as  possible  in  order 
to  prevent  the  air  from  becoming  warm  in  its  passage. 

The  liquefier  is  the  Hampson  laboratory  type,  made  by  the 
Brin  Oxygen  Company  of  London.  A  sectional  view  of  it  is 
shown  in  Fig.  3  and  3a.  The  compressed  air  enters  through  the 
joint  36  coming  directly  from  the  coils  in  the  precooler,  and  pass- 
ing into  the  copper  coils  of  the  liquefier.  As  it  circulates  through 
these  in  succession,  it  is  cooled  more  and  more  by  the  expanded 
air  which  rises  around  the  coils,  so  that  by    the   time   it  reaches 
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Fig.  3a 


the  lowest  coil  at  the  bottom,  its  temperature  is  near  the  liquefac- 
tion point.  The  air  passes  then  through  the  expansion  valve  33, 
dropping  from  several  thousand  pounds  to  atmospheric  pressure, 
and  in  consequence  some  of  it  liquefies  and  collects  in  the  brass 
receiver  46.  The  capacity  of  this  receiver  is  about  130  cc.  It 
can  be  emptied  by  turning  the  outlet  valve  at  14.  The  expanded 
air  which  did  not  liquefy  rises  slowly  through  the  spaces  between 
the  coils  and  serves  to  cool  the  oncoming  air  inside  the  coils,  as 
has  been  described  above.  After  rising  to  the  top  of  the  coils 
this  expanded  air  passes  into  tube  83  and  from  there  proceeds  back 
to  the  intake  of  the  compressor.  This  expanded  air  does  the 
greatest  possible  service  if  its  temperature  on  leaving  the  space 
around  the  top  coils  at  83  is  the  same  as  the  temperature  of  the 
entering  compressed  air,  for  in  this  case  it  has  cooled  the  entering 
air  as  much  as  possible.     In  order  to  measure  the  temperature  of 
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the  outgoing  air,  a  thermometer  was  introduced  at  63.  For  the 
incoming  compressed  air,  however,  at  first  a  steel  thermometer 
cup  was  used,  introduced  between  the  purifier  and  the  lique- 
fier,  and  the  temperatures  were  taken  by  means  of  a  mercurial  ther- 
mometer. This  arrangement  has,  however,  such  a  large  conducting 
surface  exposed  to  room  temperature,  and  the  heat  capacity  of  the 
air  flowing  through  it  was  so  small,  that  the  air  was  warmed  to 
room  temperature  and  rendered  the  cooling  useless.  After  failure 
with  this  thermometer  cup,  a  platinum  copper  thermoelement  was 
soldered  into  the  copper  tubing  at  the  entrance  to  the  coils,  the 
other  junction  being  kept  in  ice,  and  with  a  sensitive  galvanom- 
eter the  temperature  of  the  entering  air  was  determined  within 
the  limits  of  about  half  a  degree. 

The  Measurement  of  the  Power 

The  power  to  drive  the  compressor  during  these  tests  was 
supplied  by  a  15  h.  p.  Westinghouse  two-phase  induction  motor 
belted  direct  to  the  compressor.  The  electrical  input  to  the  motor 
was  measured  by  means  of  Weston  wattmeters,  one  in  each  phase 
of  the  motor  circuit.  After  the  tests  were  completed  and  before 
the  instruments  were  taken  from  the  circuit,  a  brake  horsepower 
test  was  run  on  the  motor.  Two  sets  of  readings  were  taken,  one 
set  as  the  load  was  applied,  the  other  set  as  the  load  was  taken 
off.  Table  No.  la  shows  the  results  of  this  test.  The  ratio  of  the 
brake  horsepower  to  the  kilowatt  input  was  found  to  be  prac- 
tically constant  for  loads  from  f  to  20  per  cent  overload.  This 
ratio  0.77  was  used  in  calculating  the  horsepower  delivered  to 
the  compressor .  This  method  for  obtaining  the  delivered  horse- 
power (d.  h.  p.)  was  used  for  the  reason  that  it  was  impossible  to 
calibrate  the  instruments  in  the  time  at  our  disposal. 

The  speed  of  the  motor  was  taken  by  a  hand  counter.  The 
compressor,  as  before  stated,  was  driven  by  a  belt  from  the  motor. 
The  speed  of  the  compressor  for  several  tests  was  taken  by  means 
of  a  mechanical  counter;  this,  however,  became  unreliable,  so  that 
in  the  calculation  of  the  results  the  speed  of  the  compressor  was 
calculated  from  the  speed  of  the  motor,  there  being  practically  no 
slippage  of  the  belt. 

All  tests  with  the  exception  of  one  were  of  two  hours'  duration. 
Readings  were  taken  every  ten  minutes.  The  power  as  given 
in  Table  No.  1,  column  11,  is  accurate  within  about  3i  per  cent. 
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The  Measurement  of  the  Air  Used 

The  measurement  of  the  amount  of  air  delivered  by  the  com- 
pressor was  made  by  means  of  a  thin  plate  orifice,  the  necessary 
data  being  obtained  from  an  article  by  Mr.  R.  J.  Durley  in  the 
Transactions  of  the  American  Society  of  Mechanical  Engineers,  Vol.  27. 
This  method  is  as  follows:  Referring  to  Fig.  1,  G  is  a  pipe  line 
leading  from  the  high  pressure  air  receiver;  iTis  a  connection  to 
the  liquefier;  K  and  B  are  special  heavy  globe  valves;  T  is  a  sheet 
iron  tank  connected  atone  encl  with  the  half -inch  pipe  leading  from 
the  receiver;  the  opposite  end  of  this  tank  is  fitted  at  D  with  a  thin 
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plate  orifice  one  inch  in  diameter,  cut  from  a  plate  of  0.0571  in. 
thickness.  E  and  F  are  respectively  thermometer  and  U- tube  for 
measuring  the  temperature  and  pressure  in  the  tank  T.  During 
the  regular  tests  on  the  liquefier,  the  valve  at  B  remained  closed. 
After  each  test  was  completed,  a  short  test  was  run  under  the  same 
conditions  of  compressor  speed  and  receiver  pressure  in  order  to 
determine  the  amount  of  air  used,  the  pressure  being  maintained 
constant  in  the  receiver  by  slightly  opening  the  valve  B  and  allow- 
ing the  compressed  air  to  expand  into  the  tank  T  and  escape 
through  the  orifice  at  D.  The  data  recorded  in  these  tests  were 
the  pressure  in  inches  of  water  in  the  tank  and  the  temperature. 
With  these  data  was  obtained  the  flow  of  air  in  the  tank  in  pounds 
per  second  from  the  work  of  Mr.  Durley  as  referred  to  above. 

On  looking  over  these  tests  to  determine  the  amount  of  air 
used,  it  was  seen  that  some  of  the  results  were  not  consistent. 
The  discrepancy  was  due  to  the  difficulty  in  throttling  the  air  by 
means  of  the  valve  B,  to  the  short  period  of  the  test  (ten  minutes), 
and  to  the  fact  that  the  pressure  in  the  receiver  varies  very  slow- 
ly when  the  escaping  air  has  been  throttled  close  to  the  proper 
amount  necessary  for  the  maintenance  of  the  constant  pressure. 
Owing  to  these  causes  and  also  to  a  desire  to  obtain  the  efficiency 
of  the  compressor,  a  series  of  tests  was  run  on  the  compressor  and 
the  amount  of  air  delivered  measured  in  the  same  manner  as  above 
described.  These  tests  were,  however,  from  30  to  45  minutes'  dur- 
ation, thus  giving  plenty  of  time  for  the  pressure  in  the  receiver 
to  vary.  If  it  was  found  that  the  pressure  was  slowly  increasing 
or  decreasing,  the  valve  B  was  adjusted  and  the  test  was  run  over 
again.  These  tests,  six  in  number,  were  run  with  pressures  of  ap- 
proximately 1000,  2000  and  3000  lb.  per  sq.  in.  in  the  receiver,  and 
with  an  average  speed  of  the  compressor  in  the  first  set  of  200 
revolutions  per  minute,  and  in  the  second  set,  of  about  184  revo- 
lutions.    From  the  results  of  these  tests  Table  2  was  computed. 

It  will  be  seen  from  the  table  that  the  first  set  of  tests  was  run 
at  speeds  of  about  ten  per  cent  lower  than  the  speeds  during  the 
regular  tests  on  the  liquefier.  This  was  due  to  low  voltage  on  the 
line  supplying  power  to  the  motor.  In  order  to  correct  for  this 
difference  in  speed  in  calculating  the  amount  of  air  supplied  to  the 
liquefier  and  also  in  calculating  the  per  cent  of  air  used  by  the  lique- 
fier, it  was  assumed  that  the  air  delivered  was  directly  proportional 
to  the  speed  of  the  compressor.     This,  of  course,  is  not  exactly  cor- 
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rect;  the  total  error  introduced,  however,  is  quite  small,  and  as  the 
figures  resulting  from  this  assumption  are  not  used  in  any  calcu- 
lations of  importance,  the  assumption  is  justified. 

The  second  set  of  compressor  tests  was  run  at  a  speed  of  about 
184  r.  p.  m.,  obtained  by  changing  the  motor  pulley.  This  set  of 
tests  was  made  in  order  to  determine  the  effect  of  speed  on  the 
efficiency  of  the  compressor. 

It  will  be  observed  from  Table  1  that  the  speed  of  the  com- 
pressor during  the  regular  tests  was  about  16  per  cent  higher 
than  the  rated  speed.  It  was  thought  desirable  at  the  beginning 
of  these  tests  to  run  at  this  speed  in  order  to  operate  the  liquefier 
close  to  its  capacity.  It  will  be  noted  from  Table  2  that  the  effi- 
ciency of  the  compressor  falls  off  slightly  with  increasing  speed, 
as  is  to  be  expected.  This  small  loss  in  compressor  efficiency  is 
probably  compensated,  however,  by  increased  efficiency  of  the 
liquefier  at  higher  capacities. 

In  Table  2  will  also  be  found  the  results  of  friction  tests  run 
on  the  compressor  at  the  two  speeds.  The  friction  is  practically 
constant  and  is  therefore  proportional  to  the  speed.  This  was 
assumed  in  calculating  the  efficiency  of  the  compressor,  as  the 
speeds  varied  somewhat  owing  to  fluctuations  in  the  line  voltage. 
These  friction  tests  were  run  directly  after  the  respective  com- 
pressor tests  with  the  air  inlets  to  the  different  cylinders  broken 
so  that  the  air  was  under  no  compression  in  the  cylinders. 

The  mechanical  efficiency   was   obtained   from  the  formula, 

at     u     •     i  -ci.ee  •  Delivered  h.  p.  —  Friction  h.    p.      mi 

Mechanical  Efficiency  =  ^  ...    — t-t- The 

Delivered  h.  p. 

theoretical  work  was  obtained  by  calculating  the  work  of  isother- 
mal compression  for  the  weight  of  air  delivered  at  the  pressure  in 
the  receiver.     The  efficiency  of  compression  was  calculated  as, 

-,~  .  .  Theoretical  work  done 

Efficiency  compression  =  :=— 7: — „  .  A. : and  it 

Delivered  h.  p.  —  Friction  h.   p. 

was  found  to  decrease  with  increase   of   pressure  as  was  to  be 

expected. 

The  amount  of  air  delivered  by   the  compressor  as   given    in 

Table  No.  2  is  probably  accurate  within  2    per  cent. 

Collecting  and  Measuring  the  Aik  Liquefied 

At  the  beginning  of  the  test,  before  the  pressure  had  risen 
above  1000  lb.,  the  expansion  valve    of   the  liquefier  was   opened 
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for  several  minutes  in  order  to  dry  out  the  interior  of  the  coils 
and  to  blow  out  whatever  oil  and  dust  had  collected  in  them.  A 
few  drops  of  oil  invariably  came  through  the  open  outlet  valve 
during  this  cleaning.  The  expansion  valve  was  then  closed,  uot 
to  be  opened  again  until  the  full  pressure  of  the  tests,  1000,  2000 
or  3000  lb.  was  reached. 

After  the  establishment  of  the  desired  pressure  for  the  test, 
the  expansion  valve  was  again  opened  and  the  time  noted  which 
elapsed  before  the  first  drops  of  liquid  air  appeared.  This  inter- 
val of  time  is  very  different  for  the  different  pressures  and  is  an 
important  factor  to  be  considered  whenever  liquid  air  must  be 
quickly  obtained.  In  the  accompanying  Table  3  the  time  neces- 
sary for  the  cooling  from  room  temperature  to  that  of  liquefac- 
tion is  given  for  the  range  of  pressures  that  these  tests  cover. 


TABLE  3 

Pressure 

Minutes  required 

pounds 

for  liquefaction 

1000 

- 

14.0 

2000 

6.0 

3000 

- 

1.5 

It  is  evident  from  the  above  table  that  if  the  pressure  were 
reduced  much  below  1000  lb.  the  cooling  would  take  place  so 
slowly  that  no  liquid  air  would  be  produced.  Facts  that  will  be 
given  later  in  this  article  show  that  the  lowest  possible  pressure 
at  which  the  liquefier  will  yield  liquid  air  appears  to  be  about 
900  lb. 

After  the  liquid  had  begun  to  How  at  a  uniform  rate,  the  ob- 
servations of  the  tests  were  begun.  The  air  was  collected  in  sil- 
vered Dewar  bulbs  of  two  liters  capacity,  which  were  mounted  on 
a  platform  balance  directly  under  the  outlet  tube  of  the  liquefier, 
which  extended  about  an  inch  down  the  neck  of  the  bulb.  Al- 
though there  is  considerable  evaporation  from  the  stream  of 
liquid  air  which  flows  from  the  outlet  tube  into  the  bulb,  it  seems 
impossible  to  prevent  this  loss  by  any  simple  and  practi- 
cal device.  An  attempt  was  made  to  reduce  it  as  much  as  possible 
by  making  the  outlet  tube  extend  well  inside  the  neck  of  the  De- 
war  bulb.  As  this  loss  is  inherent  in  the  practical  operation  of 
this  liquefier,  it  was  thought  best  to  charge  it  to  the  efficiency  of 
the  liquefier. 


14 
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The  liquid  which  collected  in  the  bulb  was  weighed  at  inter- 
vals of  ten  minutes,  and  the  rate  of  production  was  found  to  be 
very  uniform.  The  outlet  valve  was  opened  at  intervals  of  about 
a  minute  during  fifteen  seconds  in  order  that  the  liquid  might 
run  out  in  a  full  fast  stream,  and  thus  experience  less  loss  from 
evaporation  than  if  the  outlet  had  been  open  continuously  and  the 
stream  had  been  small  in  consequence. 

The  expansion  valve  was  opened  just  enough  so  that  the  flow 
of  air  through  it  kept  the  pressure  of  the  receiver  down  to  the 
constant  pressure  of  the  test.  It  required  only  occasional  regu- 
lation. Only  twice  during  the  eight  tests  did  any  trouble  occur 
which  was  traceable  to  the  liquefier.  Once  when  the  operator 
neglected  to  discharge  the  liquid  air  from  the  outlet  chamber  of- 
ten enough  it  rose  into  the  glycerine  pressure  gage  and  froze 
and  burst  the  rubber  tubing  connection,  necessitating  the  closing 
of  that  test  twenty  minutes  short  of  the  usual  two  hours'  duration. 
At  another  time  the  liquefier  became  clogged  from  accumulated 
dirt,  water  and  grease  and  had  to  be  taken  apart  and  all  the 
valves  thoroughly  cleaned  with  a  jet  of  steam.  It  should  be  stated, 
however,  that  this  was  the  first  cleaning  that  the  liquefier  had 
needed  during  its  intermittent  but  rather  hard  service  of  eight- 
een months. 

Influence  of  Pressure  on  the  Efficiency 
of   the  Liquefier 

In  Fig.  4  is  shown  the  relation  between  the  working  pressure 
and  the  quantity  of  air  liquefied  per  horsepower  hour,  taken  from 
tests  No.  6,  7  and  8  of  Table  1,  all  of  which  were  conducted  at  or 
near  0°  C.  It  is  clear  from  the  curve  that  the  efficiency  is  greater 
the  higher  the  pressure.  It  is  also  evident  that  the  efficiency 
would  become  zero,  i.  e.,  that  no  liquefaction  would  take  place, 
at  a  pressure  of  approximately  900  lb.  per  sq.  in.  Also,  increase  of 
pressure  at  high  pressures  causes  a  smaller  increase  in  efficiency 
than  does  the  same  increase  in  pressure  at  low  pressures.  This 
last  conclusion  shows  that  it  is  not  desirable  to  increase  the  work- 
ing pressure  much  over  2500  lb.  per  sq.  in.  in  producing  liquid 
air  with  this  liquefier,  for  the  reason  that  only  a  small  gain  in 
efficiency  is  thereby  obtained,  and  this  at  a  cost  of  a  very  con- 
siderable increase  in  the  trouble  and  danger  attendant  upon  the 
maintaining  of  high  pressures  in  the  plant.     The  numerous   con- 
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nections  and  valves  of  the  plant  must  be  continually  inspected  in 
order  to  prevent  serious  leaks  when  the  pressure  is  3000  lb. ,  but 
at  lower  pressures  there  is  little  difficulty  in  this  respect. 

Our  results  regarding  the  influence  of  pressure  on  the  effi- 
ciency of  the  liquefier  agree  with  the  conclusions  of  other  experi- 
menters of  this  general  type  of  liquefier.  Others1  have,  however, 
found  that  the  lowest  pressure  at  which  liquefaction  occurs  is 
about  700  lb. 

Influence  of  Temperature  on  the  Efficiency 
of  the  Liquefier 

The  temperature  of  the  air  as  it  enters  the  coils  of  the  lique- 
fier has  an  important  influence  on  the  efficiency  of  the  liquefier, 
the  lower  the  temperature  the  greater  being  the  efficiency.  We 
have  measured  the  influence  of  temperature  over  a  range  between 
0°  and  20°  C.  for  two  pressures,  namely  2000  and  3000  lb.  per.  sq. 
in. ,  and  the  data  are  given  in  Table  1  under  tests  1  to  7  inclusive. 
In  the  accompanying  Fig.  5  these  results  are  plotted.  The  curves 
for  the  two  pressures  closely  approximate  straight  lines.  If  the 
inlet  temperature  were  below  0  the  efficiency  would  be  corre- 
spondingly greater  and  the  cost  of  production  less;  but  it  does 
not  seem  advisable  in  intermittent  operation  of  the  plant  to  re- 
duce the  temperature  of  the  entering  air  below  0,  as  the  trouble 
and  labor  necessary  to  keep  a  freezing  mixture  of  salt  and  ice  in 
the  precooler  more  than  balance  the  gain  in  efficiency.  Indeed,  if 
cold  tap  water  of  a  temperature  of  about  15°  is  allowed  to  run  through 
the  precooling  tank,  the  efficiency  at  2500  lb.  is  almost  as  great 
as  would  be  obtained  ordinarily  when  cracked  ice  is  placed  in  the 
tank.  The  reason  for  this  apparent  contradiction  is  that  unless 
the  ice  is  continuously  stirred,  the  water  next  to  the  cooling  coils 
becomes  warmed  much  above  0°  C. ,  but  if  running  water  flows 
through  the  tank  its  motion  keeps  cold  water  near  the  coils.  The 
temperature  of  the  coil  is,  therefore,  not  much  different  whether 
unstirred  ice  or  running  tap  water  is  used;  the  latter  method  of  cool- 
ing, however,  is  more  convenient  and  less  expensive.  In  our 
tests  at  0°  C.  a  mixture  of  ice  and  salt  was  used,  being  stirred 
every  five  minutes;  the  temperature  of  the  air  was  not  reduced 
much  below  0°  C.  and  in  all  cases  it  was  directly  measured  by  the 
thermojunction  at  the  entrance  to  the  liquefier. 

1     Bradley  and  Rowe,  Physical  Review.  Vol.  19.  1904,  p.  330. 
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It  will  be  seen  from  Fig.  5,  that  when  the  liquefier  is  working 
at  high  pressure,  the  influence  of  temperature  on  efficiency  is 
not  nearly  so  marked  as  at  lower  pressures.  This  effect  is  quite 
marked,  and  leads  to  the  conclusion  that  if  a  high  pressure  is  used, 
there  is  little  need  to  pay  much  attention  to  precooling.  As  high 
pressure  is  of  itself  an  aid  to  efficiency,  this  extra  beneficial  in- 
fluence which  accompanies  high  pressures  is  doubly  important. 
Its  explanation  seems  to  be  somewhat  as  follows:  The  cooling 
effect  at  the  expansion  valve  per  unit  weight  of  air  passing 
through  is  approximately  proportional  to  the  drop  in  pressure  at 
this  valve.  It  is,  therefore,  greater  for  3000  lb.  than  for  2000  lb. 
working  pressure.  But  the  heat  which  must  be  abstracted  from 
the  air  which  is  eventually  liquefied  is  reduced  when  the  tempera- 
ture of  the  entering  air  is  reduced,  and  therefore  the  cooling  ef- 
fect at  the  expansion  valve  produces  more  liquefaction  when  the 
inlet  temperature  is  low.  Further,  when  the  pressure  is  low,  the 
cooling  at  the  expansion  valve  is  less  than  it  is  when  the  pressure 
is  high,  and,  therefore,  the  change  in  temperature  of  the  enter- 
ing air  affects  the  yield  at  low  pressures  to  a  greater  extent  than 
it  does  at  the  higher  pressures.  This  explains  why  the  two  curves 
of  Fig.  5  have  different  slopes. 

The  Loss  of  Energy  in  Producing  Liquid  Air 

Liquid  air  is  a  source  of  considerable  available  energy  on  ac- 
count of  the  expansive  force  that  it  exerts  when  it  is  warmed  to 
room  temperature.  This  available  energy  is  obviously  equal  to 
the  heat  required  to  vaporize  the  liquid  air  at  its  boiling  point 
plus  that  required  to  raise  its  temperature  to  that  of  the  room;  an 
amount  which  is  known  to  be  in  total  97.5  gram  calories  per  gram 
liquid  air.1  In  column  16  of  Table  1  are  given  the  ratios  of  the 
available  energy  of  the  liquid  air  to  the  energy  received  by  the 
compressor  in  the  production  of  the  liquid.  It  is  seen  that  under 
the  most  favorable  conditions  the  available  energy  of  the  liquid 
air  is  only  2.5  per  cent  of  that  expended  in  producing  liquefaction. 
This  means  that  if  the  liquid  air  were  used  as  the  motive  power 
in  an  engine,  the  work  which  it  could  perform  under  the  most 
favorable  conditions  is  only  2h  per  cent  of  the  work  which  was 
required  to  produce  the  liquid  air.  It  is  thus  very  clear  that 
liquid  air  is  wholly  unsuited  to  the  storage  or  transfer  of  power. 

1    Allen  and  Ambler.  Physical  Review,  Vol.  15.  p.  183.  1902. 
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The  Keeping  of  Liquid  Air  in  Dewar  Bulbs 

A  few  tests  were  made  in  order  to  learn  the  approximate 
rate  of  evaporation  of  liquid  air  from  Dewar  vacuum  bulbs  under 
varying  conditions  of  size  of  bulb,  presence  of  felt  coverings,  and 
silvering  of  the  bulb.  Previous  experimenters  have  found  that 
similar  bulbs  show  very  different  behavior,  probably  caused  by 
the  varying  of  the  thickness  of  the  silvering,  which  is  a  good 
metallic  conductor,  and  the  different  degrees  of  exhaustion  and 
heat  conductivity  of  the  glass  bulbs. 

Regarding  the  influence  of  the  size  of  the  bulb  on  the  rate  of 
evaporation,  no  important  difference  was  noted  between  the  pro- 
portionate loss  from  two  silvered  bulbs,  one  of  a  liter  capacity 
and  half  filled,  the  other  of  a  quarter  liter  capacity  and  filled; 
both  flasks  lost  one  quarter  of  their  liquid  air  in  24  hours  when 
exposed  to  the  temperature  of  20°  C.  unprotected  by  any  cover- 
ings. Covering  the  bulb  with  felt  diminished  the  loss  by  evap- 
oration, for  a  silvered  liter  flask  containing  at  the  start  900  grams 
of  liquid  air  was  found  to  preserve  100  grams  after  standing  four 
days  in  its  felt- lined  basket,  which  is  a  rate  Of  loss  somewhat  less 
than  that  for  the  uncovered  flasks. 

But  a  most  noticeable  aid  in  the  protection  of  the  air  from 
evaporation  comes  from  the  silvering  of  the  bulbs,  which  reflects 
light  and  radiant  heat  that  would  otherwise  be  absorbed  by  the 
bulb  and  its  contents.  The  loss  from  unsilvered  but  evacuated 
bulbs  is  so  great  that  a  boiling  of  the  liquid  air  in  them  can  be 
seen,  whereas  the  silvered  bulbs  show  a  quiet  surface  when  viewed 
through  the  mouth  of  the  bulb.  In  an  experiment  on  two 
similar  liter  bulbs,  one  of  which  was  silvered,  the  other  not,  it 
was  found  that  after  standing  24  hours  all  of  the  half  liter  of  air 
in  the  unsilvered  bulb  had  evaporated,  but  only  100  grams  of  the 
half  liter  in  the  silvered  bulb. 

The  Cost  of  Producing  Liquid  Air 

In  columns  14  and  15  of  Table  1,  is  given  the  cost  of  pro- 
duction of  liquid  air  as  given  by  these  tests.  The  only  expenses 
which  are  here  included  are  the  cost  of  the  power  used,  estimated 
at  eight  cents  per  kilowatt  hour,  and  the  cost  of  an  attendant, 
reckoned  at  thirty-five  cents  per  hour. 
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When  the  plant  is  running  at  3000  lb.  pressure  and  the  tem- 
perature of  the  air  entering  the  liquefier  is  0°  C. ,  conditions  which 
give  the  greatest  efficiency  that  we  have  obtained,  the  total  cost 
of  the  liquid  air,  including  both  the  cost  of  the  power  and  of  the 
operator's  services,  is  22  cents  per  pint.  When  the  plant  is  run- 
ning at  15°  C.and  2500  lb.  pressure,  which  are  the  most  convenient 
conditions  of  temperature  and  pressure,  the  total  cost  is  about 
32  cents. 
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I.    Introduction. 

1.  Scope  of  the  Bulletin. — The  use  in  recent  months  of  concrete 
and  reinforced  concrete  pipe  for  culverts  in  railway  embankments  has 
brought  to  the  minds  of  engineers  anew  the  question  of  the  action  of  a 
pipe  when  subjected  to  the  external  pressure  or  load  of  an  embankment 
and  of  its  resistance  to  this  external  pressure.  The  subject  is  somewhat 
related  to  the  action  of  sewers  under  earth  pressure  in  a  trench.  The 
question  of  distribution  of  loads  and  pressures  in  a  trench  or  embank- 
ment is  varied  and  complicated,  depending  as  it  does  upon  the  variety 
and  conditions  of  the  earth  and  the  manner  of  the  filling.  The  laws  of 
the  pressure  of  earth  of  themselves  would  require  an  extensive  investi- 
gation and  treatment,  and  this  phase  is  not  taken  up  here.  The  main 
tests  described  were  made  with  a  specially  prepared  testing  apparatus 
which  included  a  box  of  strong  and  stiff  construction,  and  the  pipes 
were  embedded  in  sand  and  the  load  applied  through  a  saddle  which 
rested  on  a  sand  cushion.  The  results  throw  light  upon  the  resistance 
of  pipe  to  embankment  pressures  and  also  upon  the  action  of  sewers 
under  similar  conditions.  Cast-iron  pipes,  concrete  pipes,  and  reinforced 
concrete  pipes  were  tested.  Auxiliary  tests  were  made  to  connect  the 
results  of  the  investigation  with  the  strength  of  the  materials.  Thus, 
rings  which  were  cut  from  the  spigot  end  of  the  cast-iron  pipe  were 
tested  under  concentrated  load,  and  small  test  specimens  cut  from  the 
pipe  were  tested  in  cross  bending.  Short  rings  of  concrete  and  rein- 
forced concrete  were  tested,  both  under  concentrated  load  and  under 
distributed  load.  In  different  ways  these  auxiliary  tests  served  to  check 
up  the  phenomena  of  the  tests  of  the  pipes  and  to  assist  in  interpreting 
the  action  of  the  testing  apparatus,  the  distribution  of  the  load,  and  the 
resisting  strength  of  the  structures  themselves.  In  planning  the  tests 
the  relation  of  the  various  phenomena  was  kept  in  mind,  and  the  results 
are  compared  and  discussed. 

2.  Acknowledgment. — The  investigation  was  made  possible  through 
the  co-operation  of  five  railroad  companies :  Atchison,  Topeka  &  Santa 
Fe  Ry.  System;  Chicago,  Burlington  &  Quincy  R.  R.  Co.;  Chicago,  Mil- 
waukee &  St.  Paul  Ry.  Co.;  Chicago,  Rock  Island  &  Pacific  Ry.  Co.,  and 
Illinois  Central  R.  R.  Co.  These  companies  furnished  the  cast-iron  pipe 
and  the  reinforced  concrete  pipe  for  the  tests.  Acknowledgment  is  due 
to  C.  H.  Cartlidge,  Bridge  Engineer  C,  B.  &  Q.  R.  R.;  A.  F.  Robinson, 
Bridge  Engineer  A.,  T.  &  S.  F.  Ry.;  C.  F.  Loweth,  Engineer  and  Su- 
perintendent,   Bridges   and    Buildings,   C,   M.    &    St.    P.   Ry.;    J.   B. 
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Berry,  Chief  Engineer  C,  R.  I.  &  P.  Ry.,  and  R.  E.  Grant,  Bridge 
Engineer  I.  C.  R.  R.,  for  the  assistance  they  gave  in  arranging  for 
furnishing  the  pipes.  The  tests  were  made  between  November,  1906, 
and  January,  1908.  The  work  was  an  outgrowth  of  the  thesis  investi- 
gation of  W.  A.  Slater  ('06,  municipal  and  sanitary  engineering)  upon 
the  strength  of  concrete  rings.  Part  of  the  experimental  results  of  Mr. 
Slater  are  included,  and  a  reference  is  made  to  the  thorough  analytical 
treatment  made  by  Mr.  Slater  along  the  lines  of  Bach's  method  for 
curved  beams.  The  1907  tests  of  concrete  and  reinforced  concrete  rings 
were  part  of  the  thesis  work  of  Messrs.  H.  B.  Bushnell,  J.  Cermak 
and  A.  P.  Poorman,  senior  students  in  civil  engineering,  Class  of  '07. 
The  rings  used  in  these  tests  were  made  by  employees  of  the  Engineer- 
ing Experiment  Station.  Supervision  of  the  tests  and  assistance  were 
also  given.  The  main  tests  were  made  by  the  Engineering  Experi- 
ment Station.  Special  acknowledgment  is  made  to  D.  A.  Abrams, 
Associate,  and  W.  R.  Robinson,  First  Assistant  in  the  Engineering  Ex- 
periment Station  for  assistance  in  these  tests  and  in  the  preparation  of 
this  bulletin. 

II.  Mechanics  of  Pipes  and  Rings  Subject  to  External  Pressure. 

3.  Bending  Moment  and  Conditions  of  Loading.— The  stresses  de- 
veloped in  rings  subject  to  external  earth  pressure,  as  in  sewers  and 
railroad  culvert  pipes,  are  of  course  dependent  upon  the  bending  mo- 
ments developed,  and,  as  the  exact  load  coming  upon  the  ring  and  its 
distribution  over  the  surface  are  difficult  to  determine,  the  bending 
moment  is  in  general  quite  uncertain.  The  amount  of  the  load  and  its 
distribution,  and  therefore  the  bending  moments  on  different  parts  of 
the  ring,  depend  upon  a  number  of  conditions,  among  them  the  nature 
of  the  earth  used  in  the  filling,  the  method  of  bedding  the  pipe,  the  way 
of  tamping  the  earth  at  the  sides,  the  amount  of  the  lateral  restraint  or 
pressure  of  the  earth  horizontally,  the  method  of  filling  and  packing  the 
earth  above,  the  condition  of  moisture  in  the  earth,  etc.  Evidently  in 
such  earth  as  saturated  quick-sand,  the  conditions  may  approach  those 
of  external  hydrostatic  pressure,  and  on  the  other  hand,  in  deep  sewer 
trenches,  the  earth  filling  may  act  in  such  a  way  that  much  of  its  weight 
is  carried  against  the  sides  of  the  trench.  In  discussing  the  stresses  in 
rings,  it  may  he  well  first  to  find  the  bending  moment  for  certain  as- 
sumed conditions  of  loading,  then  to  make  tests  under  various  conditions 
of  loading,  and  finally  to  compare  these  results  with  a  view  of  determin- 
ing the  probable  range  of  bending  moments  under  the  actual  conditions 
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of  construction.  The  assumed  loadings  may  include  (1)  a  concentrated 
load  at  the  crown  of  the  ring,  (2)  a  vertical  load  distributed  uniformly 
over  the  horizontal  section,  (3)  a  distributed  vertical  load  together 
with  a  horizontal  load  distributed  vertically  over  the  sides  of  the  ring* 
and  (4)  an  oblique  loading.  In  these  calculations,  since  much  uncer- 
tainty is  involved,  the  difference  in  the  intensity  of  the  load  at  the  crown 
and  at  the  extremities  of  the  horizontal  diameter,  due  to  the  different 
depths  of  earth,  need  not  be  considered.  In  general  the  pressures  and 
distribution  on  the  lower  half  of  the  ring  will  be  considered  to  be  the 
same  as  on  the  upper  half.  It  is  apparent  that  in  a  ring  of  considerable 
thickness  in  comparison  with  its  diameter  there  is  a  different  distribu- 
tion of  stresses  from  that  found  in  thin  rings,  but  for  the  rings  under 
consideration  the  simplicity  of  analysis  for  thin  rings  will  outweigh  the 
small  loss  in  accuracy.  The  possible  modifications  and  complications 
in  the  analysis  of  thick  rings  may  also  be  considered.  As  refinements 
are  not  essential  and  approximations  are  permissible,  the  analysis  will 
assume  a  thin  ring  of  homogeneous  material  having  a  constant  modulus 
of  elasticity  and  it  will  also  be  assumed  that  the  changes  from  a  circular 
form  will  have  little  effect  upon  the  dimensions  of  the  ring. 


Fig  1.   Ring  Under  Concentrated  Load. 


4.  Concentrated  Vertical  Load  on  Thin  Elastic  Ring. — Consider 
that  a  concentrated  load  Q  is  applied  along  the  top  element  of  a  cylin- 
drical ring  and  that  the  ring  is  supported  along  an  element  at  the  bot- 
tom, as  indicated  in  Fig.  1(a).  Since  the  ring  is  a  continuous  curved 
beam,  the  analysis  will  require  a  slight  modification  of  the  convention 
commonly  used  for  simple  straight  beams.  However,  in  any  segment 
of  the  ring,  the  external  forces  acting  on  the  ring  will  be  held  in  equili- 
brium by  the  internal  or  resisting  forces  acting  upon  this  segment  at  its 
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two  ends.  The  moment  of  the  internal  forces  acting  at  right  angles  to 
a  section  of  the  ring  at  an  end  of  the  segment  is  the  resisting  moment 
developed,  and  the  bending  moment  may  be  considered  to  be  an  equal 
moment  having  the  opposite  sign.  If  we  take  a  quadrant  of  the  ring, 
as  shown  in  Fig.  1  (b),  it  is  evident  from  a  consideration  of  the  external 
and  internal  forces  acting  upon  this  ring  that  this  quadrant  will  be  in 
equilibrium  under  the  action  of  \Q  at  B,  a  reaction  or  thrust  of  \Q  at 
A,  a  resisting  moment  in  the  section  of  the  ring  at  A  which  we  will  call 
MA,  and  a  resisting  moment  in  the  section  of  the  ring  at  B  which  we 
will  call  J/B.  The  amounts  of  the  two  resisting  moments  so  developed 
and  thus  of  the  two  bending  moments  it  is  important  to  determine. 
Similarly,  if  we  consider  a  portion  of  the  ring  shown  in  Fig.  1(c),  the 
forces  which  hold  it  in  equilibrium  may  be  shown  to  be  %Q  at  A,  hQ 
at  C,  the  moment  MA  at  the  section  A,  and  a  variable  moment  .¥  at  C, 
the  value  of  which  will  change  with  a  change  in  the  angle  <t>.  Taking 
moments  about  A,  the  following  equation  for  the  value  of  the  bending 
moment  at  any  point  on  the  ring  results  : 

M  =  iQr  (1-cos  4>)-MA (1) 

When  MA  is  known,  the  value  of  .1/  may  be  determined  for  any  point 
in  the  ring.  The  bending  moment  at  A,  as  is  shown  by  making  <£  =  0 
in  equation  (1),  is  —  M^. 

When  a  straight  beam  deflects  under  load  its  axis  becomes  a  curve 
of  varying  curvature.  Each  normal  section  of  the  beam  will  change 
direction  through  an  angle  which  we  will  call  0,  and  at  each  point  there 
will  be  a  definite  radius  of  curvature.  By  the  common  theory  of  flexure 
the  following  equation  is  true  for  straight  beams : 

M.-JL 

EI       R 

where  R  is  the  radius  of  curvature  of  the  elastic  curve,  E  is  the  modulus 
of  elasticity  of  the  material,  I  is  the  moment  of  inertia  of  the  cross  sec- 
tion of  the  beam,  and  M  is  the  bending  moment  at  the  point  considered. 
By  calculus  we  know  that  the  reciprocal   of  the  radius  of  curvature  is 

eaual  to  — .  this  derivative  here  expressing  the  rate  of  change  of  the 
as 

direction  of  the  normal  to  the  elastic  curve  from  its  original  position 

with  respect  to  the  length  of  curve  in  which  the  change  is  made.  Sub- 
stituting this. 
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—  =—  •  (2) 

This  equation  is  ordinarily  applied  to  the  straight  beam,  but  it  is 
general  and  is  therefore  applicable  to  the  elastic  ring,  if  we  consider 
that  do  refers  to  the  angular  change  of  the  normal  relatively  to  its  orig- 
inal position.  Substituting  for  ds  its  equal  rd<t>  (Fig.  1(d) ),  where  r  is 
the  mean  radius  of  the  ring,  the  equation  takes  the  form 


.(3) 


M  _     do_ 
EI        rd<$> 

Mrd<f> 

This  may  be  conveniently  used  in  form  do  =  .     It  may  help 

Ji/1 

do 
to  a  comprehension  of  the  significance  of  the  expression  —  to  study  the 

representation  of  the  elements  in  Fig.  1(d).  The  line  OM  shows  the 
change  in  position  of  a  section  at  the  end  of  this  element  due  to  the 
thrust  or  pure  compression  and  the  line  NP  that  due  to  the  bending 
moment.  The  angle  do  is  the  resulting  change  in  the  direction  of  the 
normal  due  to  the  bending  moment  in  the  length  ds,  and  the  ratio  at 

the  limit  becomes  ~jT>     "77  then  represents  the  rate  of  change  of  the 

deflected  normal  with  respect  to  the  angle  <£  passed  over.  For  our  pur- 
poses we  may  consider  that  r  remains  constant  in  equation  (3). 

It  is  plain  that  for  the  part  of  the  ring  between  A  and  B  in  Fig. 
1(b),  whatever  may  be  the  local  changes  in  directions  at  the  various 
points  along  the  quadrant,  the  tangent  at  A  remains  constantly  vertical 
and  the  tangent  at  B  remains  constantly  horizontal,  and  therefore  the 
total  change  in  o  between  A  and  B  is  zero  and  hence  that 


(H  |      E 

o  J    MA 


El 


The  general  value  of  M ,  applicable  to  any  point  on  the  quadrant,  must 
of  course  be  used  in  this  expression.  Substituting  the  value  of  M  from 
equation  (1),  using  the  modified  form  of  equation  (3)  and  integrating 
with  respect  to  0,  we  have 
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/9l  (l-cos  <t>)  d<t>  -    I     MA <l<t>=(-f 
o  Jo 


.•.MA  =  ®?(l-±)=  .091  Qd. 


(ir_l)-J/A.^  =  0 


.(4) 


where  d  is  the  mean  diameter  of  the  ring. 

Substituting  this  value  of  MA  in  equation  (1)  and  making  4>  =  90°, 
we  have 


•  (5) 


MB  =  Q±—  .091   Qd   =  .159  Qd 

It  will  be  seen  that  the  bending  moment  at  B  is  about  sixteen-ninths 
times  that  at  A. 


^/59Qd 

1 

\ 

\ 

ffO°       <5 

0°            7 

0°            6 

to'         ff 

0°            J 

o'         ? 

0°           / 

0°         o' 

*££/&( 

Fig.  2.   Variation  in  Bending  Moment  fob  Concentrated  Load. 

To  determine  the  point  of  zero  bending  moment  place  equation  (1) 
equal  to  zero,  cos  <t>  =  .636  and  <f>  =  50°  30'.  At  this  point  the  alge- 
braic sign  of  the  bending  moment  changes  from  negative  to  positive. 

Fig.  2  gives  the  variation  of  the  bending  moment  from  A  to  B. 

It  may  be  shown  that  if  the  load  be  applied  equally  at  two  points 
on  either  side  of  the  crown  (and  similarly  supported  below)  the  bending 
moment  at  the  crown  will  be  decreased  and  that  if  these  points  arc  im- 
mediately above  the  quarter  points  of  the  diameter  the  value  of  the 
bending  moment  at  the  crown  becomes  0.0o4  Qd  and  that  at  the 
extremities  of  the  horizontal  diameter  0.071(?d.  This  has  a  bear- 
ing upon  the  effect  of  the  methods  of  bedding  a  pipe. 
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5.  Distributed  Vortical  Load  on  Thin  Elastic  Ring. — Consider 
that  the  vertical  load  is  distributed  uniformly  over  the  horizontal  pro- 
jection of  the  ring,  as  shown  in  Fig.  3(a),  and  call  w  the  load  per  lineal 
unit  of  horizontal  width  for  a  ring  one  unit  long  and  r  the  mean  radius, 
of  the  ring.  The  conditions  for  a  quadrant  segment  AB  are  indicated 
in  Fig.  3(b).  It  is  easily  shown  that  this  segment  is  in  equilibrium 
under  th£  resultant  of  the  load  wr  applied  at  D,  an  equal  thrust  or  re- 
action wr  applied  at  A,  a  moment  in  the  section  of  the  ring  at  A  which 


Fig.  3.    Ring  Under  Distributed  Vertical  Load. 

we  will  call  MA  and  a  moment  in  the  section  of  the  ring  at  B  which  we 
will  call  MB.  It  is  seen  that  there  is  no  thrust  and  no  shear  at  B. 
Similarly  the  segment  AC  is  in  equilibrium  under  the  forces  and  mo- 
ments shown  in  Fig  3(c).  The  vertical  force  at  C  is  the  resultant  of 
the  tangential  thrust  and  normal  shear  at  that  point,  and  is  equal  to 
the  load  applied  between  C  and  the  crown  of  the  ring.  The  expression 
for  the  bending  moment  M  at  any  point  C  on  the  ring  is  found  by  taking 
moments  about  C. 

^  (1  —  cos  4>)  —  J  wr2  (1  —  cos  <£ 


M 


M& 


cos2  <A)  —  M 


=  \wr'  (1 

The  general    relation  — —  =  —-. 
El      a  9 

discussions  of  moments  for  concentrated  vertica 


...(6) 
(equation  (3),  p.  7)    used  in  the 
load  is  applicable  to 


do 


this  loading.      Here  again  -7-7  measures  the  rate  of  angular  change  of 


the  normal  to  the  elastic  curve,  and  since  the  total  angular  change  in 
curvature  between  A  and  B  is  zero,  the  tangents  at  A   and  B   do  not 
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-change  from  their  original  position.  We  may  then  substitute  the  value 
of  M  from  equation  (6)  in  equation  (3).  Putting  it  in  the  modified 
form,  equating  it  to  zero  and  integrating  with  respect  to  0,  with  the 
assumption  that  E,  J,  and  r  are  constants,  we  have  the  following: 

4*  /»£«  ri* 

-cos  <t>)dcf>  —  ±  I  wr2  (1  — cos  <f>)2  d<f>  —  M \  \  d<t>  =  0 


wr2  (1  — cos  <t>)d<f>—i  I  un 

o  Jo 


M$*o 


Mp 


wd2  =  A  Wd 


(7) 

'  is  the  total  load  on  a 


m.b  —  T<f  wa    —  T8"  I 

where  d  is  the  mean  diameter  of  the  ring  and 
ring  of  unit  length. 

A  very  neat  determination  of  the  value  of  M±  and  J/B  has  been 
given  as  follows:  If  a  system  of  horizontal  forces  equal  to  the  vertical 
forces  here  considered  be  applied  to  a  ring,  the  bending  moment  pro- 
duced at  A  by  the  horizontal  forces  will  be  the  same  as  that  produced 
at  B  with  the  vertical  load,  and  the  bending  moment  produced  at  B 
will  be  the  same  as  that  found  at  A  with  a  vertical  load,  but  with  op- 
posite signs  in  each  case.  Similarly,  at  any  point  between  A  and  B  it 
seems  evident  that  an  equal  numerical  bending  moment  will  be  pro- 
duced with  the  new  loading  as  at  corresponding  points  with  the  old 
loading,  but  with  opposite  signs.  The  effect  of  a  combination  of  this 
vertical  and  horizontal  loading  (Fig.  3  (d))  will  be  the  same  as  that  of 
a  load  normal  to  every  part  of  the  ring,  thus  producing  pure  compres- 
sion in  every  part  of  the  ring  and  making  the  bending  moment  at  every 
section  zero.     It  follows  then  that 

MA=  MB=  A  Wd. 

To  find  the  point  of  zero  bending  moment  make  equation  (6) 
zero.  This  gives  <£  =  45°.  Above  this  point  the  bending  moment  is 
positive  and  below  it  negative. 

Fig.  4  shows  the  variation  of  the  bending  moments  between  A 
and  B. 


Fig.  4.   Yakiamon  in  Benoing  Moment  fob  Distributed  Load. 
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6.  Distributed  Vertical  and  Horizontal  Loads  on  Thin  Elastic 
Ring. — Let  us  consider  that  the  vertical  load  is  distributed  over  the 
horizontal  section  of  the  pipe  as  before  (w  per  lineal  unit  of  width  of 
pipe)  and  that  there  is  a  horizontal  pressure  uniformly  distributed  ver- 
tically against  fthe  pipe,  the  amount  of  this  horizontal  pressure  per 
lineal  unit  of  vertical  distance  being  qw,  where  q  is  the  *  ratio  of  the 
horizontal  to  the  vertical  intensity  of  pressure.  The  conditions  are  in- 
dicated in  Fig.  5(a).  We  may  consider  that  the  effect  of  these  loads  is 
the  combined  effect  of  the  two  loads.  Call  M ,  MA,  and  M B  the 
bending  moments  produced  by  the  vertical  load  and  M",  M'A'  and  M^} 
the  bending  moments  produced  by  the  horizontal  load.  The  bending 
moment  at  any  section  C  (Fig.  5  (b))  produced  by  the  vertical  load  is 


M'  —  ivr2  (1  —  cos  <t>)  —  i  wr2  (1  —  cos  <f>)2 


M'A 


fc)  fc)  (c) 

Fig.  5.  Ring  Under  Distributed  Vertical  and  Horizontal  Load. 

It  may  be  shown  that  the  bending  moment  produced  at  any  section  C 
by  the  horizontal  load  is 

M"  —  —  i  qwr2  sin2  <f>  +  M"A 

and  that  the  value  of  M'A  is  \  qwr2.     The  resulting  moment  therefore  is 

M=M'  +  M"  =  iwr2  [1+g-  2  cos2  <f>  -  2q  sin2  <t>] (8) 

The  moment  at  B  and  A  will  therefore  be 

Mb=  -MA=i(1-q)icr2=^(l-q)Wd (9) 

where  W  is  the  total  vertical  load  on  the  ring.     The  bending  moment 
becomes  zero  at  <£  =  45°  as  in  the  other  case. 

If  the  intensity  of  the  horizontal  pressure  is  the  same  as  that  of  the 
vertical  pressure,  q  =  1  and  M  becomes  zero  at  all  points.  This  cor- 
responds to  uniform  external  pressure  as  shown  in  Fig.  5  (c)  and  pro- 
duces equal  compression  in  all  parts  of  the  ring. 
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7.  Oblique  Load  on  Thin  Elastic  Ring.— In  the  case  of  both  the 
concentrated  load  and  the  distributed  load  it  is  seen  that  the  bending 
moments  at  A  and  B  are  large  and  that  the  moment  decreases  to  zero 
amount  at  some  point  between  A  and  B.  If  we  were  sure  that  this 
loading  obtained,  no  provision  against  bending  need  be  made  at  the 
points  of  zero  moment  and  but  little  for  points  close  on  either  side. 
However,  it  must  be  borne  in  mind  that  if  there  is  a  change  from  the 
specified  loading,  the  conditions  of  the  bending  moment  are  likewise 
changed.  If,  for  example,  the  method  of  filling  over  the  pipe  should 
be  such  as  to  make  the  pressure  come  obliquely  as  shown  in  Fig.  6  (a). 


(o)  (*) 

Fig.  6.    Varieties  of  Loading. 


the  maximum  bending  moment  would  be  at  the  45°  points  and  the 
minimum  moments  at  the  ends  of  horizontal  and  vertical  diameters. 
Similarly,  if  in  a  sewer  trench,  a  slip  of  earth  from  the  side  caused  the 
pressure  to  come  against  the  sewer  as  shown  in  Fig.  6  (b),  the  dis- 
tribution and  amount  of  the  bending  moment  would  be  materially  dif- 
ferent from  that  of  the  vertical  loading  usually  assumed.  In  the  case 
of  a  large  sewer  in  a  shallow  trench,  during  the  time  of  filling,  especially 
with  the  concrete  still  green,  the  direction  of  pressures  indicated  in  Fig. 
6  (c)  would  give  bending  moments  quite  unlike  those  before  described. 
It  will  be  necessary  to  provide  separate  analyses  for  such  cases.  While 
an  accurate  measure  of  the  bending  moments  in  such  cases  is  impos- 
sible, yet  in  any  case  it  is  feasible  to  judge  of  the  amount  and  location 
of  the  bending  moments  within  reasonable  limits  and  to  provide 
strength  in  the  section  of  the  sewer  to  take  the  consequent  stresses. 

s.  Resisting  Moment  and  Calculation  of  Stresses. — For  a  ring 
whose  thickness  is  small  in  comparison  with  the  diameter  the  difference 
in  the  length  of  the  inner  fiber  and  outer  fiber  is  small  and  the  expres- 
sion for  the  resisting  moment  given  for  ordinary  straight  beams  may  he 
applied  with  a  close  degree  of  approximation.     In  the  following  form- 
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ulas  the  length  of  the  ring  (width  of  beam)  will  be  considered  unity. 
•Call  t  the  thickness  of  the  ring. 

For  the  rectangular  section  of  the  ring  the  resisting  moment  will 
then  be  I  ft2  where  /  is  the  unit-stress  at  the  remotest  fiber.  In  those 
sections  where  there  is  no  thrust,  the  maximum  stress  (stress  at  the  re- 
motest fiber)  may  be  found  by  equating  the  expression  for  the  resisting 
moment  and  the  expression  for  bending  moment  given  by  equations 
(1),  (5),  (6),  (7),  etc.,  and  substituting  the  numerical  values  at  the 
section  considered.  If  a  thrust  exists  at  the  given  section,  this  thrust 
may  be  considered  to  be  uniformly  distributed  over  the  section  and  the 
stress  will  be  equal  to  the  sum  or  difference  of  the  resisting  moment 
stress  and  the  thrust  stress. 

For  a  concentrated  load  at  the  crown  (Fig.  1)  the  stress  at  B, 
since  there  is  here  no  thrust,  may  be  determined  from  the  formula 

1  ff  =  Jf?  =  0.159  Qd (10) 

where  Q  is  the  concentrated  load  applied  at  the  crown  and  d  is  the 
mean  diameter  of  the  ring.  The  maximum  tensile  stress  and  the  maxi- 
mum compressive  stress  at  this  section  will  be  equal.  As  this  is  the 
section  of  greatest  bending  moment  and  as  the  tensile  strength  usually 
governs  the  strength  of  the  rings  under  consideration,  this  equation  is 
the  one  to  be  used  in  tests  with  a  concentrated  load. 

At  A  the  same  form  of  expression  may  be  used  for  the  resisting 
moment,  but  this  must  be  combined  with  the  stress  due  to  the  vertical 
thrust,  iQ.  Considering  this  thrust  to  be  uniformly  distributed,  the 
stress  in  the  remotest  fibers  will  be 

,     ,  Q  |    Ma   _  Q  _  0.091  Qd  (11) 

*  t  ~   if         t   +      If      

The  —  sign  will  be  used  for  the  outer  fiber  and  the  +  sign  for  the  inner 
fiber. 

At  any  point  C  (Fig  1  (c) )  the  stress  at  the  remotest  fiber  may  be 
shown  to  be 


.      ,  Q  cos  4>  ,      M 


.(12) 


For  a  uniformly  distributed  horizontal  load  the  stress  at  the  crown 
B  will  be,  calling  W  the  total  distributed  load  on  a  ring  of  unit  length 
and  d  the  mean  'diameter  of  the  ring, 

,  =  JW16™ (13) 
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and  at  A 

'-**■&■-*-•* <u> 

and  at  any  point  C 

,  _  wr  cos2  <t>    ,       M  , 

f  -        :        —  Tzr Uo) 

t  -§  t 

For  rings  in  which  tensile  stresses  control,  the  weakest  section  is  at 
the  crown,  and  equation  (13)  may  be  used. 

For  a  distributed  vertical  and  horizontal  load  (Fig.  5)  there  will  be 
a  thrust  at  both  A  and  B.  The  stresses  at  the  crown  B  will  then  be 
given  by  the  following  equation,  calling  q  the  ratio  of  the  horizontal 
intensity  of  the  load  to  the  vertical  intensity, 

f=*£±-b3p- (16) 

and  at  A  the  extremity  of  the  horizontal  diameter 

f  =  ^±jj_m. (17) 

t  ?  t 

At  any  point  C  (Fig.  7)  the  expression  for  the  stresses  may  be  written 
wr  cos2  <fr         qivr  sin2  <fr  ,       M  /1QN 

'-      t      ~      t     ±  \f (18) 

These  formulas  are  directly  applicable  to  homogeneous  elastic  rings 
in  which  the  modulus  of  elasticity  of  the  material  remains!  constant. 
These  conditions  are  not  strictly  true  for  rings  made  of  cast  iron  or  of 
ooncrete  or  reinforced  concrete.  However,  they  may  be  applied  with- 
out any  great  error  to  cast-iron  rings  and  plain  concrete  rings  at  the 
breaking  loads,  if  the  modulus  of  rupture  of  the  materials  obtained 
under  the  same  condition  of  thickness  and  loading  be  substituted  for 
the  maximum  tensile  stress  /. 

For  a  ring  made  of  reinforced  concrete  the  conditions  differ  some- 
what from  the  foregoing.  For  ordinary  cases  it  will  be  not  far  from  the 
truth  to  equate  the  bending  moment  determined  as  above  and  the  re- 
sisting moment  of  the  reinforced  concrete  section.  As  the  amount  of 
reinforcement  is  usually  lower  than  thai  in  which  t^e  circular  beam 
would  fail  by  compression  in  the  concrete,  we  may.  without  material 
error,  take  for  the  resisting  moment  of  the  reinforced  concrete  Bection 
the  value  .87  Aft,  where  t  is  the  distance  from  the  compression  face  to 
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the  center  of  the  steel  reinforcement,  A  is  the  area  of  the  cross-section 
of  the  reinforcement  for  a  unit  of  length  of  ring,  and  /  is  the  tensile  unit- 
stress  in  the  steel  due  to  the  bending  moment.  To  equate  the  bending 
moment  determined  as  before  to  this  resisting  moment  is  not  exactly 
correct,  since  among  other  reasons  the  neutral  axis  does  not  come  at 
the  center  of  the  thickness  of  the  ring  (which  is  the  point  about  which 
the  bending  moments  were  taken),  and  since  the  elastic  curve  is  not 
the  same  as  in  a  ring  of  homogeneous  material,  and  hence  the  distribu- 
tion and  amounts  of  the  bending  moments  will  not  be  exactly  the  same. 
However,  the  use  of  the  bending  moments  determined  for  homogeneous 
rings  is  the  nearest  approximation  we  have,  and  is  not  seriously  in 
error.  At  sections  where  thrust  occurs,  as  at  A,  (Fig.  3),  the  tension 
in  the  steel  determined  as  above  will  be  reduced  by  the  resisting  com- 
pressive stresses  there  set  up.  The  amount  of  the  tension  in  the  steel 
at  the  point  A  may  be  calculated  by  the  formula 

'-'-nfcfe ™ 

which  is  applicable  for  both  concentrated  and  distributed  loads.  In 
this  formula  /  is  the  tensile  stress  in  the  steel  due  to  the  bending  moment 
(as  calculated  by  equating  .87  Aft  to  the  bending  moment  at  the  section 
considered),  p  is  the  ratio  of  the  area  of  reinforcement  for  a  unit  length 
of  beam  or  ring  to  the  distance  between  the  center  of  the  steel  and  the 
compression  face  of  the  concrete,  T  is  the  thrust  or  pressure  against  the 
face  of  the  section,  and  n  is  the  ratio  of  the  moduli  of  elasticity  of  steel 
and  concrete,  which,  for  purposes  of  this  calculation,  may  be  taken  as 
15.  At  the  extremity  of  the  horizontal  diameter  the  thrust  is  J  W. 
At  the  crown  it  is  zero  for  vertical  loading,  and  for  both  concentrated 
and  distributed  load  the  greatest  tensile  stress  is  found  at  this  section. 

9.  Horizontal  and  Vertical  Deflections  of  Thin  Elastic  Ring.— 
When  a  thin  elastic  ring  is  loaded  with  a  symmetrical  vertical  load,  the 
vertical  deflection  or  change  in  vertical  diameter  may  be  determined 

from  the  expression    i  x  do,  where  x  is  the  abscissa  with  respect  to  the 

vertical  diameter  of  the  ring  and  o  is  the  angle  which  the  normal  section 
at  any  point  has  moved  through  due  to  the  flexural  distortion.  This  9 
is  the  same  as  the  angle  used  in  the  analysis  on  p.  6  for  determining 

the  bending  moment  for  a  concentrated  load.     Similarly,    I  y  do  is  the 

expression  for  the   horizontal  movement,   y   being  the   ordinate   with 
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respect  to  the  vertical  diameter.  It  should  be  stated  that  these  expres- 
sions neglect  the  change  in  shape  due  to  the  tangential  thrust,  but  the 
amount  of  this  change  is  slight.  In  this  analysis  the  effect  of  the  direct 
compression  caused  by  the  load  is  neglected,  but  this  also  is  slight  and 
for  the  dimensions  discussed  will  have  a  very  slight  effect. 

Space  will  not  be  taken  here  to  derive  these  formulas  by  rigid 
analysis.  The  following  may  be  helpful  to  the  reader,  however,  in 
seeing  the  reasonableness  of  the  expressions.  In  Fig.  7,  the  element 
of  arc-tfs  is  subtended  by  the  element  of  angle  d<l>,  only  the  center  line 
of  the  ring  being  shown,  o  (not  indicated  on  this  diagram)  represents 
the  change  in  direction  of  any  normal  section  of  the  ring  from  its  origi- 
nal direction,  and  any  element  of  arc  ds,  as  the  one  at  C,  will  change  di- 
rection by  this  angle  o.  However,  independently  of  this,  each  element 
will,  by  its  own  flexibility,  change  direction  with  respect  to  the  ad- 


r /y" 
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Fig.  7.     Deflection  of  Rings. 

jacent  element  by  an  angle  do.  By  Fig.  7  it  is  seen  that  the  effect  of 
this  change  in  direction  is  to  throw  the  point  at  the  end  of  the  line  CD 
to  E,  a  distance  x  do.  The  effect  is  the  same  as  to  cause  3  movement 
of  the  origin  a  distance  x  do  upward;  or  what  is  the  same  thing,  the 
point  C  must,  by  this  action,  be  moved  downward  x  do,  and  this  is  the 
measure  of  the  part  of  the  movement  of  the  element  due  to  its  own  flex- 
ure.    Of  course  by  the  methods  of  limits  the  seeming  approximations 

of  the  diagram  vanish  and  I  x  do  gives  the  total  movement  of  the 
quadrant  of  the  ring  due  to  flexure. 

Having  the  expressions  j  x  do  and  J  y  do.  the  next  Btep  is  to  sub- 
stitute fordfl  its  value  found  from  equations  (2)  and  (3).  The  value 
of  the  variable  bending  moment  M  from  equations  (1)  and  (6)  may 
then  be  substituted.  Integration  will  be  facilitated  by  expressing  x  and 
y  in  terms  of  r  and  <t>.      Integration  may  then  be  taken  between  <t>  =  0 
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and  4>  =  £n.  To  get  the  change  in  diameter  (two  sides  of  the  axis) 
the  factor  2  must  be  introduced.  The  notation  used  will  be  that  used 
in  the  analysis  of  bending  moments. 

For  a  concentrated  load  Q,  we  shall  then  have  for  the  change  in 
the  vertical  diameter 

,  CMr%  cos  <t>  d<t> 


-  I    (0.318  cos  4>  d4>  —  \  cos2  <t>  d<t>) 


EI  *'  EI 

EI 

-0.15^- (20) 


and  for  the  change  in  the  horizonal  diameter 

^Miids  _  n  fMtf_sm±d± 
EI 


^-/*-.j-^-./j 


H} 


e~t  i 


0.136^ (21) 


For  a  vertical  load    TV  distributed  uniformly  over  the  horizontal 
section  we  shall  have  for  the  change  in  the  vertical  diameter 

*Mxds  _  n  (*Mr2  cos  <fr  d<$> 
EI 


a          o  C    7       o  C%fxds      0  rl/r3  cos 
A,=  2J,(/„=2j— =2J 


,  ok* 

77      (c 

J    O 


J  -jrjr   I     (cos  <£  d4>  —  2  cos3  <£  <#) 

o 

wr*  TVd8 

6  "1^7"  =  ~~   9  6     ^T  ( 22 ) 


EI  Jb    EI 

and  for  the  change  in  the  horizontal  diameter 

a           o  f    7        o  fifes      o  C^l]fsm±d± 
l^x  =  2j  ^  =2j  ~w-  =  2) 


J  o 


£7  *;  EI 

sin  <i>  d<t>  —  2  cos2  <£  sin  <£  rf<£) 
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)V)' 

EI 


EI' 


123) 


For  a  combined  distributed  horizontal  and  vertical  load,  a  similar 
treatment  gives  for  the  change  in  the  vertical  diameter 


LSy- 


(1-^)^7 


.(24) 


and  for  the  change  in  the  horizontal  diameter 

EI 


Ax- 


il -  q) 


(25) 


where  q  is  the  ratio  of  the  intensities  of  the  vertical  and  horizontal  loads. 

These  equations  apply  to  rings  of  constant  section  and  of  constant 
modulus  of  elasticity.  Although  the  modulus  of  elasticity  of  cast  iron 
is  not  a  constant,  the  formulas  may  be  used  with  cast-iron  rings, 
somewhat  empirically.  Reinforced  concrete  rings  have  a  varied 
moment  of  inertia,  due  to  the  varying  position  of  the  reinforcement 
and  to  the  effect  of  the  tensile  strength  of  the  concrete,  and  the  equa- 
tions here  given  are  not  applicable. 

H  .  Modification  for  Thick  Rings. — In  case  the  thickness  of  the 
ring  is  large  in  comparison  with  the  diameter,  (Fig.  8),  the  assump- 
tions of  the  ordinary  theory  of  flexure  do  not  hold.  The  length  of  the 
inner  fiber  is  less  than  that  of  the  outer  fiber,  a  condition  which  mod- 


-i i J 

Fig.  8.     Thick  Ring. 


ifies  the  analysis  considerably.  As  a  result,  it  is  found  that  the  neu- 
tral axis  is  not  at  the  center  of  the  rectangular  section,  and  a  new  Bel 
of  formulas  must  be  derived.  The  analysis  of  this  condition  will  not 
be  made  here,  since  it  is  quite  complicated   and  since,   fortunately,  tor 


the  thickness  used  in  ordinary  construction  the  errors  involved  in  using 
the  common  assumptions  will  be  relatively  small. 

In  the  thesis  of  W.  A.  Slater  on  "Stresses  in  Concrete  Rings  Due 
to  External  Pressure,"  heretofore  referred  to,  a  thorough  analysis  is 
made  of  the  stresses  in  thick  rings.  The  treatment  follows  the  method 
of  Bach  for  curved  beams.  The  analysis  and  the  resulting  equations 
are  so  long  and  complicated  that  the  space  available  will  not  permit 
their  publication  in  this  bulletin.  Table  1  gives  the  ratio  of  the  stresses 
in  a  ring  by  formulas  for  curved  beams  to  the  results  obtained  by  the 
formulas  here  given  for  several  thicknesses  of  wall.  The  thickness  of 
wall  is  given  in  terms  of  the  mean  diameter  of  the  ring.  The  stresses 
obtained  by  the  use  of  equations  (10),  (11),  (13),  and  (14)  multiplied 
by  the  ratios  given  in  the  table  will  be  the  amounts  of  stresses  found 
by  the  formulas  for  curved  beams.  It  is  seen  that  the  difference  by  the 
two  methods  is  not  large  for  the  thinner  rings.  The  moments  in  all 
cases  were  calculated  on  the  assumption  that  the  load  was  distributed 
over  the  mean  diameter  of  pipe  instead  of  over  the  exterior  diameter. 
This  approximation  of  itself  will   give  a  considerable   error  for  thick 

TABLE  1. 

Ratio  of  Stresses. 

The  stresses  by  the  formulas  for  curved  beams  may  be  found  by  multiplying 
the  results  obtained  with  equations  (10),  (11),  (13),  and  (14)  by  the  ratios  given  in 
the  table. 


Ratio  of  Thickness  of  Wall  to 
Mean  Diameter. 


Concentrated  load 

Top  and  bottom  points 
Tension 
Compression 

Side  points 

Tension 
Compression 

Uniformly  distributed  load 

Top  and  bottom  points 
Tension 
Compression 


Side  points 


Tension 
Compression 


.05 


1.03 
0.97 


0.97 
1.02 


1.03 
0.97 


0.98 
1.03 


.10 


1.08 
0.94 


0.93 
1.07 


1.08 
0.94 


0.93 
1.07 


.15 


1.12 
0.92 


0.91 
1.12 


1.12 
0.92 


0.89 
1.10 


.20 


1.16 

0.89 


0.89 
1.15 


1.16 
0.89 


0.85 
1.13 


.25 


1.22 

0.87 


0.86 
1.21 


1.22 
0.87 


0.81 
1.16 


20  ILLINOIS    ENGINEERING    EXPERIMENT    STATION 

rings.  Of  course,  for  thicker  rings  the  effect  of  the  difference  in  length 
of  inner  and  outer  fiber  increases  rapidly,  and  the  value  of  the  stresses 
obtained  by  the  method  here  employed  is  soon  in  material  error.  How- 
ever, ii  must  be  borne  in  mind  that,  as  the  reinforced  concrete  pipe  has 
varying  stiffness  around  the  circumference  depending  upon  whether 
the  concrete  has  failed  in  tension  and  upon  the  position  of  the  steel  in 
the  section,  the  values  of  the  bending  moments  given  by  equations 
(5)  and  (7)  are  only  approximate  and  refinements  in  the  calculation 
of  the  resisting  moment  are  not  warranted. 

11.  Conditions  of  Bedding  and  Loading  Found  in  Practice. — The 
foregoing  discussion  assumes  certain  definite  conditions  of  loading. 
These  are  useful  in  establishing  definite  formulas  which  ma}7  be  used  as 
a  basis  for  calculations.  It  is  not  to  be  expected  that  these  conditions 
represent  accurately  the  condition  of  bedding  and  loading  to  be 
found  in  practice.  It  is  then  desirable  that  the  nature  and  extent  of 
possible  or  probable  variations  from  these  assumed  conditions  be  dis- 
cussed and  the  effects  of  such  a  divergence  considered.  The  following 
are  suggestions  of  variations;  the  engineer  will  easily  extend  the  dis- 
cussion by  numerous  examples  taken  from  his  own  experience. 

If  the  layer  of  earth  immediately  under  the  pipe  is  hard  or  uneven, 
or  if  the  bedding  of  the  pipe  at  either  side  is  soft  material  or  not  well 
tamped  as  indicated  in  Fig.  9  (a),  the  main  bearing  of  the  pipe  may 
be  along  an  element  at  the  bottom  and  the  result  is  in  effect  concen- 
trated loading.  The  result  is  to  greatly  increase  the  bending  moment 
developed  and  hence  the  tendency  of  the  pipe  to  fail.  This  condition 
may  be  aggravated  in  the  case  of  a  pipe  with  a  stiff  hub  or  bell  where 
settlement  may  bring  an  unusual  proportion  of  the  bearing  at  the  bell 
and  the  distribution  of  the  pressure  be  far  from  the  assumed  condition. 
In  bedding  the  pipe  in  hard  ground  it  is  much  better  to  form  the 
trench  so  that  the  pipe  will  surely  be  free  along  the  bottom  element, 
even  after  settlement  occurs,  and  so  that  the  bearing  pressures  may 
tend  to  concentrate  at  points  say  under  the  one-third  points  of  the  hori- 
zontal diameter  (or  even  the  outer  quarter  points).  This  will  reduce 
the  bending  moments  developed  in  the  ring,  as  has  been  suggested  OB 
page  8. 

In  case  the  pipe  is  bedded  in  loose  material,  the  effect  of  the  settle- 
ment will  be  to  compress  the  earth  immediately  under  the  bottom  of 
the  pipe  more  completely  than  will  be  the  effect  at  one  side,  as  indi- 
cated in  Fig.  0(b),  with  the  result  that  the  pressure  will  not  be  uni- 
r  mly  distributed  horizontally.      Similarly,  in   a   sewer  trench,  if   loose 
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material  is  left  at  the  sides  and  the  material  at  the  extremity  of   the 


Fig.  9.    Conditions  of  Loading. 

horizontal  diameter  is  loose  and  offers  little  restraint,  as  indicated  in 
Fig.  9(b),  the  pressure  on  the  earth  will  not  be  distributed  horizontally 
and  the  amount  of  bending  moment  will  be  materially  different  from 
that  where  careful  bedding  and  tamping  give  an  even  distribution  of 
bearing  pressure  over  the  bottom  of  the  sewer. 

In  case  of  a  small  sewer  in  a  deep  trench,  the  load  upon  the  sewer 
may  be  materially  less  than  the   weight  of  the  earth  above,  as  in  the 


Fig.  10.    Conditions  of  Loading. 

case  shown  in  Fig.  9(c),  where  the   earth  forms  a   hard  compact  mass 
and  is  held  by  pressure  and  friction  against  the  sides  of  the  trench. 

In  case  a  culvert  pipe  is  laid  in  an  ordinary  embankment  by  cut- 
ting down  the  sides  slopingly  as  shown  in  Fig.  10(a),  it  is  evident  that 
the  load  which  comes  upon  the  pipe  will  be  materially  less  than  the 
weight  of  the  earth  immediately  above  it.  If  a  culvert  pipe  replaces  a 
trestle  and  the  filling  is  allowed  to  run  down  the  slope  as  shown  in  Fig. 
10(b),  the  direction  and  amount  of  the  pressure  against  the  pipe  will 
differ  considerably  from  that  which  obtains  in  a  trench  or  in  the  case  of 
a  level  filling  shown  in  Fig.  10(c).  It  is  possible  in  the  latter  case  that 
the  smaller  amount  of  settlement  of  the  earth  directly  over  the  culvert 
pipe,  due  to  the  greater  depth  of  earth  on  the  adjacent  sections,  may 
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allow  a  greater  proportion  of  the  load  to  rest  upon  the  culvert  pipe  than 
would  ordinarily  be  assumed. 

Attention  should  be  called  to  the  fact  that  the  distribution  of  the 
pressure  by  means  of  earth  under  and  over  a  ring  assumes  that  the 
earth  is  compressed  in  somewhat  the  same  way  as  when  other  material 
of  construction  is  given  compression.  Unless  the  earth  has  elasticity, 
the  distribution  of  pressure  cannot  occur.  To  secure  the  uniform  distri- 
bution assumed  the  ring  itself  must  give  enough  to  allow  for  the  move- 
ment of  the  earth  which  takes  place  under  pressure.  This  is  especially 
true  with  reference  to  the  presence  and  utilization  of  lateral  restraint, 
and  a  ring  which  does  not  give  laterally,  as  for  example  a  plain  concrete 
ring,  will  not  develop  lateral  pressure  in  the  adjoining  earth  under  ordi- 
nary conditions  of  moisture  and  filling  to  any  great  extent.  As  the 
conditions  of  earth  and  moisture  produce  mobility  and  approach  hydro- 
static conditions,  the  necessity  for  this  elasticity  and  movement  do  not 
exist,  but  here  the  lateral  pressure  approaches  the  vertical  pressure  in 
amount  and  the  bending  moments  become  relatively  smaller. 

The  discussion  is  sufficiently  extended  to  indicate  the  importance 
of  care  in  bedding  culvert  pipe  and  sewers  and  in  filling  over  them,  and 
to  indicate  the  great  difference  in  the  amount  of  bending  moment  de- 
veloped with  different  conditions  of  bedding  and  filling.  Where  there 
is  any  question  of  needed  strength,  it  will  be  money  well  expended  to  use 
care  and  precaution  in  bedding  the  pipe  and  in  filling  around  and  over 
it.  I  am  convinced  that  a  little  extra  expense  will  add  considerable 
stability,  life,  strength,  and  safety  to  such  structures,  far  out  of  propor- 
tion to  the  added  cost.  It  is  possible  that  under  careful  conditions  of 
laying,  lighter  structures  may  be  used  with  a  saving  in  the  cost  of  con- 
struction. 

III.     Materials,  Test  Pieces,  and  Method  of  Testing. 

12.  Cast- 1  rat  ri/n  mill  Rings. — Nine  cast-iron  culvert  pipes  were 
tested,  four  being  of  36-in.  inside  diameter  and  five  of  48-in.  inside  diame- 
ter. Four  pipes  were  furnished  by  the  Atchison.  Topeka  ft  Santa  Fe 
Ry.,  two  cadi  by  the  Chicago,  Milwaukee  iV:  St.  Paul  Ry..  and  the  Chi- 
cago, Rock  Island  &  Pacific  Ry..  and  one  by  the  Illinois  Central  R.  R. 
Both  light-weight  pipe  and  medium-weight  pipe  weir  tested,  With  the 
exception  of  No.  990  there  was  little  variation  in  the  thickness  in  differ- 
ent points  of  the  pipes,  the  uniformity  being  greater  than  is  found  in 
the  usual  run  of  pipe.     In  Pipe  No.  990  the  thickness  varied  bom  0.75 
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TABLE  2. 

Tests  of  Cross-Breaking  Specimens  from  Cast-Iron  Pipes. 
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From 
Pipe  No. 

Span 
inches 

Cross-section 
in.  x  in. 

Modulus  of 
Rupture 

Modulus  of 
Elasticity 

lb.  per  sq.  in. 

lb.  per  sq.  in. 

991 

24 

1.995  x  1.355 

41  000 

10  700  000 

991 

24 

1.984  x  1.358 

37  500 

11  500  000 

991 

24 

1.990  x  1.350 

38  700 

12  800  000 

991 

24 

1.995  x  1.385 

32  300 

11  200  000 

992 

24 

1.980  x  1.298 

42  000 

12  600  000 

992 

24 

1.985  x  1.293 

43  100 

12  600  000 

992 

22 

1.990  x  1.340 

39  500 

10  900  000 

992 

22 

1.995  x  1.236 

41  600 

12  200  000 

993 

24 

1.980  x  1.500 

39  500 

11  000  000 

993 

24 

2.000  x  1.460 

43  500 

12  000  000 

993 

24 

1.960  x  1.440 

42  800 

12  850  000 

993 

24 

2.000  x  1.440 

43  300 

13  200  000 

993 

22 

1.970  x  1.472 

38  600 

11  000  000 

993 

22 

1.985  x  1.481 

36  300 

10  600  0G0 

994 

24 

1.987  x  1.575 

35  600 

9  900  000 

994 

24 

1.987  x  1.552 

33  400 

10  400  000 

994 

24 

2.019  x  1.450 

31  300 

10  900  000 

994 

24 

1.976  x  1.442 

33  200 

11  100  000 

995 

24 

2.015  x  0.845 

30  500 

10  500  000 

995 

24 

1.980  x  0.851 

34  900 

10  400  000 

995 

24 

1.990  x  1.000 

30  400 

9  940  000 

995 

24 

1.979  x  1.000 

33  500 

10  000  000 

995 

22 

1.991  x  1.100 

35  400 

13  200  000 

995 

22 

1.980  x  1.096 

36  100 

13  400  000 

996 

24 

1.996  x  1.180 

33  400 

11  200  000 

996 

24  . 

1.986  x  1.205 

32  800 

11  300  000 

996 

22 

1.980  x  1.248 

31  800 

12  600  000 

996 

22 

1.988  x  1.248 

31  500 

11  800  000 

996 

24 

1.984  x  1.229 

31  300 

12  300  000 

996 

24 

1.988  x  1.223 

30  100 

12  500  000 

997 

24 

1.979  x  0.962 

35  800 

14  200  000 

997 

24 

1.993  x  0.948 

37  600 

14  500  000 

997 

22 

1.980  x  0.787 

30  900 

13  800  000 

997 

22 

1.993  x  0.830 

28  600 

13  000  000 

997 

24 

1.996  x  0.695 

34  800 

13  100  000 

997 

24 

1.976  x  0.687 

35  900 

13  800  000 

998 

24 

1.978  x  1.170 

38  500 

12  100  000 

998 

24 

1.975  x  1.175 

39  500 

12  100  000 

998 

24 

2.005  x  1.300 

40  300 

11  800  000 

998 

24 

2.000  x  1.280 

39  200 

12  700  000 

998 

24 

1.987  x  1.361 

33  100 

11  900  000 

998 

24 

1.997  x  1.318 

33  800 

14  000  000 

998 

22 

1.981  x  1.426 

38  200 

12  800  000 

998 

22 

1.997  x  1.458 

38  900 

11  500  000 

24 
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to  1.75  in.  One  pipe  was  6  ft.  8  in.  long,  and  the  others  ranged  from  8 
ft.  0  in.  to  8  ft.  5  in.  over  all  after  the  rings  for  use  in  the  auxiliary  tests 
had  been  cut  from  them.     Test  pieces,  2  inches  wide  and  about  24  inches 

TABLE  3. 

Cast-Ieon  Culvert  Pipe  and  Rings. 


No. 


Internal 

Diameter 

inches 


Thickness 


Range 
inches 


Average 
inches 


Length 

Over    All 

inches 


Furnished  bv 


Cast-Iron  Pipes. 

990 

48 

1.25 

80 

I.  C.  R.  R. 

991 

48 

1.25 

99 

C.  M.  &  St.  P.  Rv. 

992 

48 

1.25 

99 

C.  M.  &  St.  P.  Rv. 

993 

48 

1.50 

101 

C.  R.  1.  &  P.  Rv. 

994 

48 

1.50 

96 

C.  R.  I.  &  P.  Rv. 

995 

36 

1.00 

96 

A.  T.  &  S.  F.  Rv. 

996 

36 

1.25 

96 

A.  T.  &  S.  F.  R*y. 

997 

36 

100 

9b 

A.  T.  &  S.  F.  Rv. 

998 

36 

1.25 

96 

A.  T.  &  S.  F.  Rv. 

Cast-Iron  Rings. 

991  A 

48 

1.4 

24 

C.  M.  &  St.  P.  Rv. 

991  B 

48 

1.25 

24 

C.  M.  &  St  P.  Rv. 

992A 

48 

24 

C.  M.  &.  St.  P.  Rv. 

992B 

48 

1.31—1.25 

1.28 

23 

C.  M.  £  St.  P.  Rv. 

993A 

48 

1.47—1.35 

1.43 

24 

C.  R.  I.  &  P.  Rv. 

993  B 

48 

1.50—1.34 

1.42 

24 

C.  R.  I.  cv  P.  Ry. 

994B 

48 

1.63-1.53 

1.58 

24 

C.  R.  I.  &  P  Rv. 

994C 

48 

1.6 

24 

C.  R.  I.  &   P.  Kv. 

995  A 

36 

1.13—0.90 

1.02 

24 

A.  T.  AS.  F.  Ry. 

995  B 

36 

1.1 

24 

A.  T.  &  S.  P.  Kv. 

996A 

36 

1.44 

24 

A.  T.  &  S.  F.  Rv. 

996  B 

36 

1.50—1.27 

1.42 

24 

A.  T.  &  S.  F.  Kv. 

997A 

36 

1.00 

24 

A.  T.  &  S.  F.  Kv. 

997B 

36 

0.98-0.92 

0.91 

24 

A.  T.  &  S.  F.  Rv. 

998A 

36 

1.25 

24 

A.T.  a.  F.  Kv. 

998  B 

36 

1.31-1.05 

1.19 

24 

A.  T.  ct  S.  F.  Kv. 

long,  were  afterward  cut  from  the  rings  and  pipes  and  tested  in  cross 
breaking.  The  results  are  given  in  Table  2.  The  quality  of  the  cast 
iron  in  the  pipes  was  very  good.  Data  on  the  pipes  and  rings  are 
given  in  Table  3,  p.  24. 

13.     Reinforced  Concreti   Culvert  Pipe, — Five  reinforced  concrete 
culvert  pipes  were  furnished  by  the  Chicago,  Burlington  A:  Quincy  R.R. 
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These  pipes  were  designed  by  Mr.  C.  H.  Cartlidge,  Bridge  Engineer. 
They  were  made  at  Montgomery,  111.  Owl  portland  cement  was  used. 
The  gravel  came  from  a  pit  at  Montgomery.  A  mechanical  analysis  of 
the  gravel  is  given  in  Table  4,  page  25.  In  two  pipes,  the  reinforce- 
ment was  J-in.  corrugated  bars,  placed  as  shown  in  Fig.  11,  and  J-in. 
corrugated  bars  were  used  in  one  pipe,  No.  982.     One  pipe,  No.  988, 

TABLE  4. 

Mechanical  Analysis  of   Gravel  Used  in  Reinforced 
Concrete  Culvert  Pipe. 


Per  cent 

passing 

Sieve 

No. 

Test 

Test 

Test 

Average 

No.  1 

No.  2 

No.  3 

t 

90.5 

93.8 

91.0 

91.8 

* 

77.1 

81.5 

78.1 

78.9 

3 
8 

63.0 

68.4 

65.8 

65.7 

3 

50.7 

58.0 

55.0 

54.9 

5 

35.4 

43.7 

40.2 

39.8 

10 

33.4 

41.5 

38.3 

37.7 

12 

33.1 

41.1 

37.8 

37.3 

16 

32.0 

40.4 

37.2 

36.5 

18 

31.7 

39.4 

36.1 

35.7 

30 

29.6 

36.1 

32.9 

32.9 

10 

23.4 

28.4 

26.0 

25.9 

50 

9.0 

10.5 

10.1 

9.9 

74 

5.1 

6.4 

6.0 

5.8 

150 

1.3 

1.9 

1.7 

1.6 

was  reinforced  with  "Clinton  Wire  Mesh,"  No.  3  wire  being  used,  and 
the  fifth  pipe  was  reinforced  with  fence  wire  laid  in  the  center  of  gravity 
of  the  concrete.  The  steel  which  was  placed  lengthwise  of  the  pipe  is 
not  considered  in  figuring  the  reinforcement.  To  allow  the  circumfer- 
ential reinforcement  to  be  made  circular  in  shape,  the  pipes  were  made 
with  the  vertical  diameter  four  inches  longer  than  the  horizontal  diame- 
ter. This  brought  the  reinforcement  at  the  points  where  tension  would 
be  present  in  the  loaded  pipe.  Four  of  these  pipes  had  a  nominal  inside 
horizontal  diameter  of  48  in.  and  the  other,  a  nominal  inside  horizontal 
diameter  of  36  in.  This  horizontal  diameter  will  be  used  in  referring 
to  the  pipe,  the  vertical  diameter  being  4  in.  longer.  The  barrel  of  the 
pipe  was  4  in.  thick.  The  bell  extended  4  in.  beyond  the  barrel  and' 
had  the  same  thickness,  its  inside  diameter  being  1  in.  greater  than  the- 
outside  diameter  of  the  barrel. 
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The  forms  were  of  wood  lined  with  galvanized  iron  and  were  placed 
vertically  with  the  bell  up.  These  forms  were  removed  when  the  con- 
crete was  from  two  to  four  days  old  and  the  pipes  were  stored  in  the 
open  air  until  after  shipment  to  the  University,  where  they  were  stored 
in  the  testing  laboratory.  Pipe  No.  982  was  made  in  cold  weather  and 
was  heated  by  steam  coils  to  aid  the  curing  of  the  concrete.  Examin- 
ation indicated  that  the  quality  of  the  concrete  was  somewhat  injured 
thereby.  All  the  pipes  had  very  good  surface  and,  when  broken  up, 
appearances  indicated  a  very  good  quality  of  concrete. 


Corrugated  Bars  3 


^^M 


/<fJor7f//ud/mi'    Corrugated    0orjJ 

Sos/s/rt/p/M/it.     Jecr/ort  CtPosj  Jecr/ott 

6 £on$//ud/rro/ J-'corragated    0orj 


Fig.  11. 


fsz/yr-orcfo     Con>c/=srs  f/z/Gj 

Disposition  of  Reinforcement  in  the  Reinforced  Concrete  Pipe 
and  Rings. 


Two  pipes  furnished  were  of  the  type  known  as  Jackson  pipe, 
which  one  of  the  railroad  companies  had  in  stock.  They  were  made 
by  the  Reinforced  Concrete  Pipe  Co.,  Jackson,  Mich.  The  pipe  was  48 
in.  in  internal  diameter  with  walls  5  in.  thick.  The  length  was  3  ft.  and 
two  sections  were  placed  together  in  the  test.  This  pipe  has  steel  bands 
at,  the  middle  of  the  thickness.  It  is  not  expected  that  the  reinforcement 
is  placed  most  advantageously,  but  the  steel  serves  to  strengthen  the 
pipe  in  handling  and  obviates  sudden  failure.  It  is  here  treated  with 
the  plain  concrete  rings. 

14.  Concrete  and  Reinforced  Concrett  Rings. — The  concrete  and 
reinforced  concrete  rings  were  made  in  the  laboratory  at  the  University. 
The  sand  came  from  near  the  Wabash  River  at  Attica,  Indiana.  It 
was  of  good  quality  and  contained  from  28  ^  t<>  .">()' .  voids,  as  deter- 
mined by  standard    methods.      A    mechanical    analysis  of   this   sand  is 
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given  in  Table  5,  p.  27.  The  stone  was  Kankakee  limestone  which 
showed  about  50%  voids.  In  Table  6,  p.  27,  is  given  a  mechanical  an- 
alysis of  this  stone.  Universal  portland  cement,  furnished  by  the 
manufacturers,  was  used.     Table  7,  p.  28,  gives   the  results  of  tensile 

TABLE  5. 
Mechanical  Analysis  of  Sand. 


Per  cent  passing 

Separation 

No 

Size 

Test 

Test 

inches 

No.  1 

No.  2 

5 

.174 

99.8 

99.5 

10 

80.8 

80.0 

12 

.067 

73.8 

71.2 

16 

67.4 

63.4 

18 

.043 

52.9 

48.2 

30 

.027 

26.2 

25.9 

40 

.019 

15.0 

16.1 

50 

.013 

5.4 

7.6 

74 

.009 

1.9 

36 

tests  of  briquettes  made  from  this  cement  according  to  standard  meth- 
ods. The  concrete,  which  was  made  rather  wet,  was  thoroughly  mixed 
by  hand  in  the  usual   manner,   the  mixture   being  1-2-4  in  all  cases. 

TABLE  6. 
Mechanical  Analysis  of  Stone. 


Per  cent 

passing . 

Size  of 

Mesh 

inches 

Test 

Test 

No.  1 

No.  2 

1.25 

100.0 

100.0 

1.00 

95.0 

95.0 

.50 

40.0 

29.0 

.25 

7.5 

2.0 

.125 

2.5 

1.0 

The  steel  used  in  the  reinforced  rings  was  i-in.  mild  steel  corrugated 
bars.  Table  8,  p.  28  shows  the  results  of  tension  tests  of  this  steel, 
each  result  being  the  average  of  two  to  four  tests. 
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The  rings  were  all  circular  in  section,  4  ft.  inside   diameter,  and  2 
ft.  long,  the  reinforcement    being  placed   as  shown  in  Fig.    11.     The 


TABLE  7. 

Texstle  Strength  of  Cement. 


Ultimate  Strength,  lb.  per 

sq.  in. 

Ref. 

No. 

Age  7  da\  s 

Age  28  days 

Neat 

1-3 

Neat 

1-3 

1 

410 

187 

680 

370 

2 

470 

200 

670 

330 

3 

360 

120 

560 

360 

4 

405 

145 

570 

290 

5 

320 

195 

600 

295 

6 

310 

180 

620 

310 

Ay. 

379 

171 

617 

324 

reinforced  rings,  of  which  there  were  16,  were  4  in.  thick,  while  the  8 
plain  concrete  rings  were  made  6  in.  thick. 

In  most  of  the  rings  the  steel  was  shaped  somewhat  like  an  ellipse 
in  order  to  bring  the  reinforcement  near  the  tension  side  at  the  quarter 

TABLE  8. 
Tension  Tests  of  Steel  Used  in  Reinforced  Concrete  Rings. 


Specimen 

Nominal 

Area 

Per  cent 

Yield  Point 

taken  from 
Ring  No. 

Size 
inches 

sq.  in. 

Elongation  in 
8  inches 

lb.  per  sq.  in. 

921 

}-in.corr. 

0.06 

21 

45  550 

922 

': 

0.06 

22 

47  000 

923 

" 

0.06 

22 

47  700 

926 

" 

0.06 

23 

46  600 

927 

" 

0.06 

22 

47  400 

928 

" 

0.06 

23 

47  150 

931 

" 

0.06 

23 

44  900 

932 

" 

0.06 

23 

46  900 

933 

" 

0.06 

23.5 

46  400 

93 1 

" 

0.06 

24 

45  300 

951 

" 

0.06 

22 

44  300 

952 

" 

0.06 

24 

47  4(H) 

953 

11 

0.06 

22 

45  650 

971 

" 

0.06 

22 

44  550 

972 

11 

0.06 

22 

47  900 

<<77 

0.06 

24 

45  100 

Ultimate 

Strength 

lb.  per  sq.  in. 

62  700 

61  550 

68  450 

66  000 

69  000 

•  >>>  400 

63  700 

65  900 

66  20o 

63  250 

66  200 

66  BOO 

Q5  700 

64  950 

67  000 

64  550 
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points.  In  No.  934,  971,  and  972  the  bars  were  flattened  for  a  dis- 
tance of  18  inches  at  both  top  and  bottom  of  the  ring,  and  in  No.  976 
and  977  three  crimped  pieces  of  steel  were  placed  at  top  and  bottom 
across  the  ring.  These  were  spaced  9  in.  apart  and  served  the  same 
purpose  as  stirrups  in  a  beam. 

The  rings  were  made  on  the  floor  of  the  laboratory,  the  forms  being 
removed  7  days  after  making,  after  which  the  rings  were  wet  twice  daily 
with  a  hose  until  tested.     Fig.  12  shows  a  group  of  these  rings.     From 


at    .--«•     *,   ,^r'              ^^-  i 

_ 

A  »  .     | 

*      ■-J%JS|e3 

Fig.  12.     View  Showing  Concrete  and  Reinforced  Concrete  Rings. 


each  batch  of  concrete  from  which  a  ring  was  made  there  was  taken 
enough  concrete  to  make  an  unreinforced  beam  6  in.  x  8  in.  x  40  in. 
These  were  tested  in  flexure  when  about  30  days  old  as  a  check  on  the 
modulus  of  rupture  of  the  concrete  which  went  into  the  ring.  They 
were  tested  with  3  ft.  span  with  load  at  the  one-third  points.  The 
average  modulus  of  rupture;  as  obtained  from  the  tests  of  22  of  these 
beams,  was  195  lb.  per  sq.  in. 

15.  Testing  Machine  for  Distributed  Load. — The  machine  used 
for  testing  the  culvert  pipe  is  shown  in  Fig.  13.  The  photograph  given 
in  Fig.  14  will  aid  in  giving  an  idea  of  the  apparatus  used.  The  floor 
of  the  machine  rested  on  two  I-beams.  A  layer  of  sand  was  spread  over 
this  floor.  On  this  layer  of  sand  was  placed  the  pipe  to  be  tested.  The 
sides  af  the  box  were  built  up  with  bridge  timbers  and  held  firmly  lat- 
erally by  heavy  rods.  Sand  was  put  around  and  over  the  pipe.  The 
sand  was  leveled  off  at  the  top  and  the  saddle  built.  Two  I-beams, 
similar  to  those  below  the  pipe,  were  placed  on  the  saddle  and  at  the 
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four  corners  were  placed  hydraulic  jacks  with  a  capacity  of  100  tons 
each.  The  plungers  bore  against  heavy  cast-iron  blocks  which  were 
connected  to  blocks  under  the   lower  I-beams  by  means  of  16  heavy 


Fig.  13.     Hydraulic  Jack  Testing  Machine. 

wrought-iron  rods.  The  jacks  were  operated  by  pumps  placed  on  top 
of  the  saddle.     In  this  way  a  very  even  loading  of  the  pipe  was  obtained. 

The  loads  were  read  from  a  gauge  attached  to  each  pump.  The  cali- 
bration of  these  gauges  shows  an  initial  error,  but  the  per  cent  of  error 
is  small  on  high  loads.  • 

16.  Method  of  Testing. — Every  effort  was  made  to  have  the  pipe 
level  in  the  sand.  As  the  sides  of  the  box  were  built  up,  the  sand  was 
frequently  soaked  down  with  water  from  a  hose  to  insure  firm  bearing 
around  and  over  the  pipe.  The  operation  of  bedding  the  pipe  and 
building  up  the  box  for  each  test  was  carefully  done,  and  the  time  and 
labor  involved  in  this  and  in  making  the  tests  were  considerable. 
Points  were  marked  on  the  inside  of  the  pipe  to  indicate  the  extrem- 
ities of  vertical  and  horizontal  diameters  at  sections  1  ft.  inside  each  end 
of  the  pipe.  Initial  readings  of  the  diameters  were  taken.  Then  the 
load  was  put  on  in  increments  of  16  000  lb.  and  held  while  readings  of 
the  diameters  were  taken.  As  each  crack  appeared,  it<  size  and  loca- 
tion were  carefully  noted.  This  was  continued  until  the  pipe  had 
reached  complete  failure. 
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The  rings  which  were  tested  with  distributed  load  were  set  up  in  a 
similar  way  except  that  the  box  and  saddle  were  only  long  enough  to 
accommodate  a  2-ft.  length  of  pipe.  The  box  was  set  up  on  the  bed  of 
the  600  000-lb.  Riehle  testing  machine  and  the  load  was  applied  by 
running  the  head  down  on  the  saddle.  Readings  of  the  horizontal  and 
vertical  diameters  were  taken  at  the  center  of  the  ring,  the  load  being 
applied  in  increments  of  1000  lb. 


Fig.  14.    View  of  Hydraulic  Jack  Testing  Machine. 


All  the  testing  under  concentrated  load  was  done  in  the  600  000- 
lb.  machine.  A  layer  of  plaster  of  paris  about  i-in.  thick  was  spread 
on  a  strip  of  building  paper  lying  on  the  bed  of  the  machine.  The  ring 
was  put  in  place  so  that  the  bottom  element  rested  in  the  plaster  of 
paris.     A  similar  layer  of  plaster  was  put  on   the  top  of  the  ring  and  a 
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cast-iron  bar  3  in.  wide  by  2  in.  thick  by  2  ft.  long  was  carefully 
centered  in  the  plaster  over  the  top  element.  A  second  bar  of  the  same 
dimensions  was  afterward  placed  on  top  of  this  to  give  greater  stiffness. 
The  head  of  the  machine  was  then  run  down  and  the  load  applied 
through  a  spherical  bearing  block.  In  the  tests  of  cast-iron  rings  cush- 
ions of  wood  replaced  the  plaster  of  paris. 

IV.     Experimental  Data  with  Cast-Iron  Pipe  and  Rings. 

17.  Data  of  Tests. — Table  3  (p.  24)  gives  dimensions  of  the  cast- 
iron  culvert  pipe  and  rings  and  the  name  of  the  railroad  company  which 
furnished  the  pipe.  The  suffix  A  denotes  the  ring  cut  from  the  spigot 
end  and  the  suffix  B  the  ring  next  to  it.  In  all  cases  the  remainder  of 
the  pipe  as  tested  contained  the  bell  of  the  original  pipe  (given  in 
Table  3,  under  the  heading  of  Cast-Iron  Pipes).  Table  9  (p.  32)  gives 
the  results  of  the  concentrated-load  tests  and  Table  10  (p.  42)  the  re- 
sults of  the  distributed-load  tests. 

In  Fig.  16  to  21  (p.  34  to  41)  are  given  diagrams  showing  the 
amount  of  the  vertical  and  horizontal  deflections  of  the  pipe,  at  both 
the  spigot  end  and  the  bell  end,  which  were  produced  under  the  load 
per  lineal  foot  of  pipe  or  ring  indicated  by  the  vertical  scale.  These 
diagrams  will  be  discussed  for  the  two  methods  of  loading. 

TABLE  9. 
Cast-Iron  Rings.       Concentrated  Load. 


No. 

Breaking  Load 
lb.  per  lin.  ft. 

Modulus  of 

Kupture 
lb.  per  sq.  in. 

Modulus    Of 

Elasticity 
lb.  per  sq.  in. 

Remarks 

991A 

16  250 

32  600 

11  000  000 

Failed  at  top. 

991 B 

10  300 

26  000 

12  700  000 

Failed  at  bottom. 

992  B 

11   720 

27  300 

9  700  0  0 

Failed  at  top. 

993B 

12  850 

25  200 

7  780  000 

Failed  at  bottom. 

994  B 

17  400 

27  600 

8  300  000 

do. 

994C 

16  500 

25  500 

8  600  000 

Failed  at  top. 

995A 

9  650 

27  500 

10  200  000 

Failed  at  bottom. 

995  B 

13  500 

24  000 

14  300  000 

Failed  at  top. 

996A 

17  500 

33  300 

11  840  000 

Failed  at  bottom. 

996B 

18  500 

26  800 

8  S00  000 

do. 

997A 

6  950 

20  600 

6  500  000 

Failed  at  top. 

997B 

6  650 

21  800 

10  900  mill 

Failed  at  bottom. 

998A 

17  500 

33  300 

12  400  000 

Failed  at  top. 

998  B 

13  100 

23  800 

9  700  000 

Failed  at  bottom. 
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18.  Concentrated-Load  Tests. — The  cast-iron  rings  which  were 
tested  under  a  concentrated  load  gave  phenomena  similar  to  what 
would  be  expected  from  the  analysis  of  the  bending  moments  and  re- 
sisting moments.     As  is  shown  on  the  diagram  in  Fig.  16,  the  amount 
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of  deflection  is  nearly  proportional  to  the  applied  load.  The  value  of 
the  modulus  of  elasticity  given  in  Table  9,  calculated  from  equation 
(20)  for  loads  and  deflections  near  the  breaking  load,  10  200  000  lb. 
per  sq.  in.,  is  somewhat  smaller  than  the  average  value  of  the  modulus 
of  elasticity  determined  from  the  tests  of  rectangular  specimens  cut 
from  the  pipe  given  in  Table  2.  The  latter  are  determined  from  the 
straight  portion  of  the  load-deflection  diagrams  given  in  Fig.  15.  This 
is  not  unexpected  for  a  material  as  variable  in  its  elastic  properties  a*s 
cast  iron  and  with  such  a  difference  in  form  as  the  ring  and  the  straight 
rectangular  beam.  It  seems  that  the  value  of  the  modulus  of  elasticity 
determined  from  the  deflections  of  the  rings  may  best  be  used  in  the 
investigation  of  the  rings  and  pipes. 
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At  the  maximum  load  sustained  the  rings  failed  at  either  the  top 
or  the  bottom,  and  the  rupture  extended  over  the  entire  length  of  the 
pipe  in  every  case.  This  accords  with  the  theoretical  determination 
already  made,  it  having  been  found  that  the  bending  moment  at  the 
top  or  bottom    is   about  \,6   that    at  the  extremities  of  the  horizontal 
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diameter.  After  rupture  occurred  the  machine  was  in  some  cases  run 
on  down  to  give  greater  deflections,  but  the  load  then  sustained  was 
much  less  than  the  breaking  load  and  the  rings  finally  broke  again, 
this  time  at  the  ends  of  the  horizontal  diameter. 
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It  will  be  seen  that  the  average  value  of  the  modulus  of  rupture 
calculated  by  equation  (10)  and  given  in  Table  9/.is  27  000  lb.  per  sq. 
in.     This  is  25%  less  than  the  value  of  the  modulus    of  rupture  given 
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in  Table  2  as  determined  by  loading  at  the  center  the  rectangular  test 
specimens  taken  from  the  rings.  The  difference  which  exists  in  the 
distribution  of  the  stresses  by  these  two  methods  of  testing  and  the  dif- 
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Distributed  Load. 
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ferences  in  strength  of  the  materials  in  the  two  directions  will  partly 
account  for  this  difference.  It  seems  probable  that  the  results  given 
in  Table  9  are  more  nearly  representative  of  the  condition  in  the  rings 
and  pipes,  and  in  the  calculations  for  the  pipes  and  rings  under  distrib- 
uted load  the  value  obtained  in  the  concentrated  tests  of  the  corres- 
ponding ring  has  been  used. 

19.  Phenomena  of  the  Distributed-Load  Tests. — In  the  distrib- 
uted-load  tests  the  pipe  or  ring  was  bedded  in  sand,  the  load  was  ap- 
plied through  a  saddle  resting  on   sand,  and  the  sides   of  the  test  box 
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Fig.  20.     Load-Deflfction  Diagrams  for  48-in.  Cast-Iron  Rings. 


were  restrained,  as  described  on  p.  29.  It  is  not  probable  that  such 
a  method  of  loading  will  give  a  uniform  distribution  of  the  load  either 
longitudinally  or  transversely.  It  is  evident  from  a  study  of  results 
that  the  distribution  of  the  load  is  uncertain  and  that  the  amount  of  the 
lateral  restraint  is  also  uncertain.  While  for  the  purposes  of  calcula- 
tion and  discussion  the  distribution  of  the  pressure  may  b3  assum  >d  to 
be  uniform  over  a  horizontal  section,  yet  it  is  plain  that  this  does  not 
express  at  all  accurately  the  manner  in  which  the  load  was  distributed. 
However,  a  uniform  distribution  of  the  load  may  be  used  as  a  basis  of 
comparison  of  the  discussion  of  the  results.  A  study  of  the  load-de- 
flection diagrams  given  in  Fig.  17  to  21,  will  show  that  the  deflection  at 
the  spigot  end  generally  began  at  once  and  increased  nearly  proportion- 
ally to  the  amount  of  the  applied  load,  as  is  indicated  by  the  approx- 
imation to  a  straight  line.     This  is  in  accord  with  the  analysis  and  with 
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the  form  of  equation  (22).  At  the  bell  end  the  deflections  lagged  be- 
hind and  generally  formed  a  curved  diagram.  It  is  evident  that  the 
great  stiffness  of  the  bell  is  the  cause  of  this  and  that  after  the  barrel 
of  the  pipe  becomes  distorted  the  effect  is  transmitted  to  the  bell  in 
varying  proportions.  At  a  load  varying  from  75%  to  100%  of  the  maxi- 
mum a  crack  appeared  in  the  top  or  bottom  of  the  pipe  except  in  No. 
996  where  it  appeared  at  one  side.  Usually  with  an  increase  of  load 
this  crack  extended  toward  the  other  end,  and  finally  the  pipe  broke 
throughout  the  full  length  at  or  near  the  maximum  load.  This  break 
generally  occurred  at  the  top  or  bottom  of  the  pipe,  and  gave  a  loud 
report.  The  further  operation  of  the  testing  apparatus  gave  increased 
deflections,  sometimes  without  a  material  reduction  in  the  load  and 
sometimes  at  a  much  lower  load,  until  the  pipe  broke  at  some  other 
point  in  the  section. 

The  general  phenomena  of  the  tests  of  the  cast-iron  pipes  are  given 
in  the  following  notes. 

No.  990.  Diameter  48  in.  Length  6  ft.  8  in.  over  all.  Variable  thickness, 
ranging  from  %  in.  to  1%  in.  Heavy  bell.  Center  of  loading  apparatus 
placed  12  in.  from  middle  of  pipe  toward  bell  end.  Crack  appeared  in  barrel 
next  to  bell  at  a  load  of  26  700  lb.  per  lin.  ft.  At  27  900  lb.  the  crack  ex- 
tended from  the  bell  7  in.  At  30  300  lb.  the  crack  extended  1%  in.  into  the 
bell  and  at  31  500  it  extended  entirely  through  the  bell  and  14  in.  along  the 
barrel.  At  36  300  lb.  a  crack  appeared  on  the  north  side  next  to  the  bell.  At 
37  500  lb.  per  lin.  ft.  complete  failure  occurred,  the  crack  on  north  side  ex- 
tended from  end  to  end,  a  crack  in  the  south  side  appeared  and  extended  from 
the  spigot  end  to  within  2  ft.  of  the  bell  and  then  through  the  bell,  and  a 
crack  formed  at  the  bottom.    Test  discontinued. 

No.  991.  Diameter  48  in.  Length  8  ft.  3  in.  over  all.  Light-weight  pipe, 
7000  lb.  for  a  12-ft.  net  length.  Average  thickness  1*4  in.  Loaded  2  in.  off 
center.  At  a  load  of  22  600  lb.  per  lin.  ft.  a  crack  appeared  at  the  top  and 
extended  3  ft.  from  the  spigot  end.  At  24  500  lb.  a  crack  appeared  at  the 
bottom  and  extended  through  the  bell  and  3  ft.  into  the  barrel.  At  26  500 
lb.  per  lin.  ft.  complete  failure  occurred,  the  crack  at  the  bottom  extended 
the  full  length  of  the  pipe  and  the  crack  at  the  top  extended  past  the  center. 
The  load  dropped  to  26  000  lb.  and  cracks  appeared  at  both  north  and  south 
sides.     Test  discontinued. 

No.  992.  Diameter  48  in.  Length  8  ft.  3  in.  over  all.  Light-weight 
pipe,  6900  lb.  for  12-ft.  net  length.  Small  bell.  Average  thickness  1.3  in. 
Loaded  2  in.  off  center.  At  a  load  of  16  300  lb.  per  lin.  ft.  cracks  formed  at 
the  top  and  bottom  and  extended  through  the  bell  8  in.  into  the  barrel.  At 
17  700  lb.  the  bottom  crack  extended  from  end  to  end,  and  at  18  700  lb.  the 
top  crack  extended  likewise.  At  21  600  lb.  both  sides  cracked  from  end  to 
end.  The  load  dropped  off,  and  finally  rose  again,  reaching  22  600  lb.  per  lin. 
ft.     Test  discontinued. 

No.  993.  Diameter  48  in.  Length  8  ft.  5  in.  over  all.  Heavy-weight 
pipe,  8900  lb.  for  12-ft.  net  length.  Average  thickness  1.42  in.  Loaded  2% 
in.  off  center.  No  crack  appeared  until  the  maximum  load  of  54  600  lb. 
per  lin.  ft.,  when  the  pipe  cracked  from  end  to  end  at  the  top.  The  load 
dropped  off  to  about  44  000  lb.  per  lin  ft.,  and  the  pipe  almost  immediately 
cracked  from  end  to  end  at  bottom  and  two  sides  without  further  applica- 
tion of  the  testing  apparatus.     Test  discontinued. 
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Xo.  994.  Diameter  48  in.  Length  8  ft.  net.  Heavy-weight  pipe,  8900 
lb.  for  12-ft.  net  length.  Average  thickness  1.58  in.  This  pipe  was  cut  into 
two  pieces  and  the  end  of  one  was  loosely  inserted  in  the  bell  of  the 
other  at  the  middle  of  the  testing  box.  The  piece  containing  the  bell  is  de- 
noted as  the  bell  section,  and  the  other  the  spigot  section.  The  center  of  the 
loading  apparatus  was  over  the  bell.  The  first  crack  appeared  in  the  bell  at 
the  top  and  extended  2  ft.  into  the  barrel  at  a  load  of  47  200  lb.  per  lin.  ft. 
At  the  maximum  load  of  49  300  lb.  per  lin.  ft.  this  crack  extended  the  full 
length  of  the  bell  section.  No  crack  appeared  in  the  spigot  section.  Test 
discontinued. 

No.  995.  Diameter  36  in.  Length  8  ft.  0  in.  over  all.  Light-weight 
pipe,  4575  lb.  for  12-ft.  net  length.  Average  thickness  1.02  in.  Loaded 
2y2  in.  off  center.  At  a  load  of  19  300  lb.  per  lin.  ft.  a  crack  appeared  and 
extended  along  the  top  6  ft.  from  the  spigot  end.  This  crack  lengthened  at 
succeeding  loads  and  extended  from  end  to  end  at  the  maximum  load  of 
22  300  lb.  per  lin.  ft.  At  this  load  a  crack  appeared  at  the  bottom  and  ex- 
tended from  end  to  end.  Cracks  also  appeared  at  the  sides  at  the  spigot 
end  and  instead  of  extending  along  an  element  of  the  cylinder  they  turned 
upward  and  joined  the  first  crack  at  the  top  just  inside  the  bell.  Test  dis- 
continued. 

Xo.  996.  Diameter  36  in.  Length  8  ft.  0  in.  over  all.  Medium-weight 
pipe,  5600  lb.  for  a  12-ft.  net  length.  Average  thickness  1M  in.  Loaded 
2%  in.  off  center.  The  first  crack  appeared  at  one  side  at  the  spigot  end  at 
a  load  of  37  300  lb.  per  lin.  ft.,  and  extended  6  ft.  The  load  dropped  off  and 
a  crack  at  once  appeared  on  the  other  side  extending  almost  the  entire 
length  of  the  pipe.  Upon  increasing  the  deflections,  at  a  load  of  30  300  lb.  a 
crack  appeared  at  the  top  and  extended  from  end  to  end,  and  with  further 
deflection  the  one  side  crack  extended  through  the  bell  and  the  other  turned 
upward  and  joined  the  top  crack  just  inside  the  bell.  The  crack  at  the  bot- 
tom extended  from  end  to  end.     Test  discontinued. 

No.  997.  Diameter  36  in.  Length  8  ft.  0  in.  net.  Light-weight  pipe, 
4300  lb.  for  a  12-ft.  net  length.  Nominal  thickness  1  in.  This  pipe  was 
cut  into  two  pieces  and  the  end  of  one  was  loosely  inserted  in  the  bell  at  the 
middle  of  the  testing  box.  The  center  of  the  loading  apparatus  was  over  the 
bell.  The  first  crack  appeared  in  the  bell  at  the  top  at  a  load  of  25  200  lb. 
per  lin.  ft.  and  was  4  in.  long.  At  the  maximum  load,  27  300  lb.  per  lin. 
ft.  this  crack  had  lengthened  to  20  inches.  The  load  dropped  to  25  500  lb., 
and  with  increased  deflection,  a  crack  formed  in  the  bottom  of  the  bell  sec- 
tion passing  through  the  bell  24  in.  into  the  barrel.  This  was  at  once  fol- 
lowed by  the  formation  of  a  crack  at  the  bottom  in  the  spigot  section  extend- 
ing from  end  to  end.  With  further  application  of  the  testing  apparatus  the 
cracks  at  the  top  and  bottom  of  the  bell  section  extended  from  end  to  end  at 
a  load  but  little  below  the  maximum.  Finally  both  sections  had  cracked  from 
end  to  end  at  all  four  quarter  points.     Test  discontinued. 

No.  998.  Diameter  36  in.  Length  8  ft.  0  in.  net.  cut  in  two  sections, 
with  the  bell  placed  in  the  center  as  in  No.  997.  Medium-weight  pipe,  5700 
lb.  for  a  12-ft.  net  length.  Nominal  thickness  of  barrel  lJi  in.  Center  of 
load  over  bell.  First  crack  appeared  at  both  top  and  bottom  of  the  bell 
section  at  a  load  of  29  200  lb.  per  lin.  ft.  and  was  6  in.  long,  soon  extend- 
ing to  18  in.  The  bell  section  cracked  end  to  end  at  the  top  and  half  of 
the  length  at  the  bottom  at  the  maximum  load,  37  200  lb.  per  lin.  ft.  On  in- 
creasing the  deflection  at  about  the  same  load,  the  spigot  section  cracked 
from  end  to  end  at  both  top  and  bottom,  and  the  bell  section  cracked  from 
end  to  end  along  the  south  side.     Test  discontinued. 

In  the  tests  of  cast-iron  rings  X".  992A  and  993A  under  a  distrib- 
uted load,  the  first  crack  appeared  at  the  bottom  at  the  maximum  load 
and  extended  from  end  fco  end.     The  diagram  is  given  in  Fig.  20. 
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The  effect  of  the  lateral  restraint  is  illustrated  in  the  results  of  a 
preliminary  test  on  Pipe  No.  990.  In  this  test,  the  hydraulic  jack  ma- 
chine was  not  used,  but  I-beams  were  used  to  transfer  the  load  from  the 
600  000-lb.  testing  machine  to  the  saddle,  since  the  box  was  too  large 
to  be  placed  on  the  bed  of  the  machine.  The  distance  of  the  saddle 
from  the  testing  machine  was  such  that  only  one-fifth  of  the  load  on  the 
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Fig.  21.     Load-Deflection  Diagrams  for  Pipe  No.  990  Tested  with  and 
without  Lateral  Restraint. 


machine  was  applied  to  the  saddle.  The  load  was  run  up  to  16  200  lb. 
per  lin.  ft.  on  the  pipe.  At  this  load  the  change  in  the  vertical  di- 
ameter was  0.37  in.  The  load  having  been  taken  off,  the  rods  holding 
the  sides  of  the  box  were  loosened  and  kept  loose  and  pressure  again 
applied.  This  time,  at  a  load  of  15  500  lb.  per  lin.  ft.,  the  average 
change  in  the  vertical  diameter  was  1.05  in.  with  no  sign  of  failure. 
When  the  load  was  removed  there  was  a  set  of  0.65  in.  at  the  spigot 
end.  Four  hours  later  this  set  was  reduced  to  0.30  in.  The  deflections 
in  the  two  tests  are  shown  in  Fig.  21.  This  pipe  was  finally  tested  to 
destruction  in  the  hydraulic  jack  machine,  the  first  crack  appearing  at 
a  load  of  26  400  lb.  per  lin.  ft.  and  the  pipe  finally  carrying  37  500  lb. 
per  lin.  ft.  as  has  already  been  described. 

20.  Comparison  and  Discussion. — Table  10  gives  data  of  the  dis- 
tributed load  tests  of  the  cast-iron  pipe  and  rings.  The  loads  are 
given  in  pounds  per  foot  of  length  of  ring  or  pipe.  The  first  crack  for 
which  the  load  is  given  appeared  at  the  bell  end  in  four  pipes  and  at 
the  spigot  end  in  three.  In  No.  993  the  crack  ran  from  end  to  end  and 
in  No.  994,  in  which  the  pipe  was  cut  and  the  spigot  end  placed  in  the  bell 
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at  the  middle  of  the  test  box  the  first  crack  was  at  the  bell.  The  break- 
ing load  was  the  maximum  load  and  generally  the  indicated  load  of  the 
testing  apparatus  fell  off  at  once  though  in  some  cases  the  maximum 
load  held  until  the  deflections  had  been  increased  somewhat.     M'  is 

TABLE  10. 
Cast-Iron  Pipe  and  Rings.     Distributed  Load. 


No. 


W 

Load  at 

First  Crack 

lb.  per 

lin.  ft. 


W 

Breaking  Load 

lb.  per 

lin.  ft. 


Wd 

1(3 


6 


Ratio 


Pipes 


990 

26  700 

37  500 

115  000 

85  600 

0.74 

991 

22  600 

26  4C0 

81  000 

102  000 

1.26 

992 

16  300 

22  600 

69  000 

92  300 

1.34 

993 

54  600 

54  600 

169  000 

102  000 

0.60 

994 

47  300 

49  300 

152  000 

134  000 

0.88 

995 

19  300 

22  200 

52  000 

57  800 

1.11 

996 

37  300 

37  J00 

87  000 

110  000 

1.26 

997 

25  200 

27  300 

63  000 

38  200 

0.61 

998 

29  300 

37  200 

86  000 

93  400 

1.08 

Rings 


992  A 
993A 


22  150 
29  250 


22  150 
29  250 


68  000 
90  000 


92  500 
104  000 


1.36 
1.16 


the  bending  moment  based  on  a  uniform  distribution  of  the  breaking 
load  over  the  horizontal  section  of  the  pipe  and  without  any  allowance 
for  lateral  pressure  or  restraint,  as  calculated  by  equation  (7).  M{]  is 
the  resisting  moment  of  a  rectangular  section  of  the  pipe,  calculated 
with  the  value  of  the  modulus  of  rupture  /  determined  from  the  con- 
centrated-load tests  of  the  rings  cut  from  the  pipe,  except  that  for  Xo. 
990,  from  which  no  ring  was  cut,  the  average  modulus  of  rupture  de- 
termined from  other  pipe  was  used.  In  the  expression  for  the  resisting 
moment  b  is  the  length  of  pipe  or  ring  and  /  is  the  average  thickness. 
The  last  column  gives  the  ratio  of  the  resisting  moment  to  the  bending 
moment  thus  calculated.  If  MQ  properly  measures  the  resisting  mo- 
ment and  if  the  load  is  uniformly  distributed  over  the  horizontal  Bection 
in  both  the  longitudinal  and  transverse  direction  this  ratio  should  be 
unity.  If  there  is  lateral  pressure  of  the  sand  similarly  distributed  over 
the  vertical  section,  the  value  of  the  ratio  should  be  less  than  unity  and 
would  represent  the  1—  q  of  equation  (9\  That  is  to  say.  if  the  ratio 
is  0.75,  the  lateral  pressure  would,  by  this  method  of  reasoning,  1" 


TALBOT— TESTS  OF  CULVERT  PIPE  43 

of  the  vertical  load.  This  treatment  does  not  consider  the  effect  of  the 
greater  strength  and  stiffness  of  the  bell  nor  the  effect  of  the  stiffness  of 
the  bell  upon  the  stresses  in  the  barrel  next  to  the  bell.  It  is  seen  that 
there  is  a  considerable  variation  in  the  value  of  this  ratio.  The  higher 
values  may  be  due  to  an  uneven  distribution  of  the  load  either  longi- 
tudinally or  transversely.  In  cases  where  the  break  occurred  at  one  end 
or  the  other  the  lack  of  distribution  seems  evident.  It  is  possible  that 
in  these  cases  the  pipes  were  not  so  well  bedded  or  that  the  sand  was 
not  so  well  packed  about  them.  The  lower  values  of  the  ratio  indicate 
considerable  lateral  pressure.  Evidently  there  is  a  great  variation  in 
condition  of  loading  and  the  distribution  of  the  pressures  and  it  is  pos- 
sible that  uneven  resisting  stresses  of  the  pipe  may  account  partly  for 
this  variation.     This  question  will  be  discussed  further  on. 

V.    Experimental  Data  with  Concrete  and  Reinforced 
Concrete  Pipe  and  Rings. 

21.  Data  of  Tests. — Table  11  gives  dimensions  and  other  data  of 
concrete  and  reinforced  concrete  rings  and  Table  12  of  reinforced  con- 
crete culvert  pipes.  Table  13  gives  manner  of  loading  of  the  plain  and 
reinforced  concrete  rings  and  pipes  and  the  loads  carried.  Tables  14 
and  15  give  the  results  of  the  concentrated  load  tests  and  Table  16  and 
17  the  results  of  the  distributed  load  tests.  These  will  be  discussed  for 
the  two  methods  of  loading  under  different  heads. 

In  Fig.  22  to  27  (p.  47  to  55)  are  given  diagrams  of  the  amount  of 
the  vertical  and  horizontal  deflections  of  the  pipe  and  rings  which  were 
produced  by  the  load  per  lin.  ft.  of  length  of  pipe  indicated  by  the  ver- 
tical scale.  These  diagrams  will  be  discussed  for  the  two  methods  of 
loading. 

22.  Concentrated-Load  Tests. — The  method  used  in  testing  the 
cast-iron  rings  and  pipes  was  used  for  the  tests  on  concrete  and  rein, 
forced  concrete  rings.  As  the  plain  concrete  rings  broke  before  there 
was  an  appreciable  deflection  no  measurement  of  deflections  was  made. 
The  modulus  of  rupture  calculated  from  equation  (10)  is  given  in  Table 
14.  The  average  modulus  of  rupture  obtained  from  the  1907  tests  of 
the  small  concrete  beams  was  195  lb.  per  sq.  in.  It  is  seen  that  the 
modulus  of  rupture  from  the  ring  tests  is  20%  higher  than  the  modulus 
of  rupture  found  in  the  beam  tests.  This  variation  is  in  the  opposite  di- 
rection from  that  found  in  the  computation  of  the  modulus  of  rupture 
of  the  cast-iron  rings  and  the  test  beams.  The  variation  in  the  values 
for  the  concrete  is  probably  explainable  by  differences  in  the  conditions 
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TABLE  11. 

Concrete  and  Reinforced  Concrete  Rings. 


Internal 

Thick- 

Length 

Reinforcement 

Age  at 

No 

Test 

inches 

inches 

inches 

Kind 

Per  cent 

days 

901 

48 

6 

24 

None 

0 

37 

902 

" 

• 

" 

" 

36 

907 

" 

« 

" 

11 

" 

40 

908 

" 

« 

11 

" 

"* 

35 

911 

11 

' 

11 

" 

" 

42 

912 

" 

' 

" 

" 

" 

41 

903 

M 

' 

" 

" 

" 

36 

906 

" 

11 

" 

" 

" 

34 

923 

" 

4 

8  i-in. 
corr.  bar. 

0.80 

36 

921 

" 

" 

" 

" 

11 

41 

922 

" 

" 

" 

" 

11 

38 

927 

" 

" 

" 

." 

36 

951 

" 

" 

" 

" 

38 

926 

11 

" 

•' 

" 

0.73 

32 

928 

» 

" 

" 

" 

0.80 

44 

931 

" 

" 

" 

" 

0.73 

31 

932 

11 

" 

11 

" 

0.66 

37 

933 

" 

" 

" 

11 

1.00 

34 

*934 

" 

" 

" 

" 

0.80 

98 

952 

" 

" 

" 

" 

1.00 

36 

953 

" 

" 

'< 

" 

0.89 

45 

*971 

11 

" 

•« 

" 

0.73 

93 

*972 

11 

" 

" 

11 

" 

87 

j976 

'• 

" 

" 

11 

0.66 

92 

1977 

" 

" 

1 

90 

*  In  these  rings  the  reinforcing  steel  was  flattened  at  top  and  bottom. 
t  In  these  rings  stirrups  were  used,  three  at  top  and  bottom. 

TABLE  12. 
Reinforced  Concrete  Culvert  Pipe. 


No. 

Internal 

Diameter 

inches 

Thickness 
inches 

Length 
inches 

Reinforcement 

Age  at 
Test 
days 

Kind 

Per 
cent 

981 
982 
983 
988 

987 

48 
48 
48 
48 

36 

4 
4 

4 
4 

4 

102 
104 

102 
104 

102 

\-m.   corrugated    bars 
$-in.  corrugated    ban 
i-in.  corrugated    ban 
Clinton    mesh,    No,  3 

wire 
Fence  \\  ire 

1.39 
0 .  28 

148 

US 
183 

92 
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TABLE  13. 

Concrete  and  Reinforced  Concrete  Rings  and  Pipe 

Data  of  Tests. 


No. 


Manner  of 
Loading 


Critical  Load 
lb. 


Rings 


Pipe 


Maximum 

Load 

lb. 


901 

37 

Concentrated 

5  000 

902 

36 

" 

3  900 

907 

40 

" 

5  600 

908 

35 

" 

5  200 

911 

42 

'• 

3  000 

912 

41 

" 

4  200 

903 

36 

Distributed 

61  000 

906 

34 

" 

88  000 

926 

32 

Concentrated 

5  700 

928 

44 

" 

7  100 

931 

31 

" 

5  000 

932 

37 

" 

6  000 

933 

34 

" 

6  350 

934 

98 

" 

6  300 

952 

36 

" 

4  700 

953 

45 

" 

7  200 

971 

93 

" 

8  250 

923 

36 

Distributed 

14  000 

21  000 

921 

41 

20  000 

47  000 

922 

38 

" 

20  000 

37  000 

927 

36 

tl 

16  000 

52  000 

951 

38 

" 

18  000 

50  000 

972 

88 

" 

16  000 

35  000 

976 

92 

M 

18  000 

38  000 

977 

90 

20  000 

32  000 

985  &  6 

Distributed 

200  000 

981 

" 

166  000 

268  000 

982 

149 

" 

129  000 

215  000 

983 

118 

" 

106  000 

202  000 

988 

183 

" 

76  500 

262  000 

987 

92 

76  500 

202  000 

attending  setting  in  the  two  kinds  of  test  pieces  and  by  differences  in 
the  development  of  the  stresses.  As  before,  the  value  of  the  modulus 
of  rupture  obtained  in  the  rings  will  be  considered  the  better  as  a  basis 
of  comparison. 

All  failures  occurred  in  either  the  top  or  bottom  section  of  the  cyl- 
inder as  is  to  be  expected  from  the  relative  value  of  the  bending  mo- 
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ment  at  these  points  and  that  at  the  extremities  of  the  horizontal   di- 
ameter.    The  breaks  were  sudden  and  the  load  which  could  be  carried 

TABLE   14. 
Concrete   Kings.    Concentrated  Load. 


W.  A.  Slater's  1906  Tests. 


1 

24 

3 

2530 

304 

2 

24 

5 

7435 

345 

3 

48 

6 

4215 

254 

4 

48 

10 

12085 

280 

Av. 

296 

1907    Tests. 


901 

48 

6 

2500 

300 

902 

48 

6 

1950 

234 

907 

48 

6 

1900 

228 

908 

48 

6 

2300 

276 

911 

48 

6 

1500 

180 

912 

48 

6 

2100 

252 

Av. 

245 

after  this  break  was  very  much  less  than  the   load  at  the  time  of  the 
formation  of  the  cracks. 

The  reinforced  rings  deflected  considerably  before  final  failure,  as 
shown  in  Fig.  22.  At  a  load  of  1000  to  2150  lb.  per  lin.  ft.,  fine  cracks 
appeared  in  the  tension  face,  generally  at  the  top  or  bottom  much  as 
they  appear  in  tests  of  reinforced  concrete  beams.  With  the  applica- 
tion of  higher  loads,  numerous  fine  cracks  appeared  on  the  tension  faces 
at  the  top,  bottom,  and  sides.  Two  forms  of  critical  failure  were  appa- 
rent :  one  a  tension  failure  of  the  reinforcing  bars  at  the  top  or  bottom 
of  the  ring  (stretching  beyond  the  yield  point  of  the  metal),  and  the 
other  a  failure  of  the  concrete  by  the  stripping  and  shearing  of  the  con- 
crete from  the  tension  face.  The  latter  form  of  failure  may  correspond 
to  the  diagonal  tension  failure  in  beams.  Sometimes  the  concrete  was 
split   off   along   the   reinforcing   bare  and   these   bars   were   straightened 
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from  their  original  circular  form.     The  following  are  notes  of  the  tests : 

No.  932.  Fine  cracks  at  top,  bottom,  and  sides  at  1500  lb.  per  lin.  ft. 
At  the  maximum  load  of  3000  lb.  per  lin.  ft.  the  deflection  was  0.85  in.  Later 
the  concrete  began  to  strip  off. 

No.  933.  A  fine  crack  appeared  at  the  top  at  1150  lb.  per  lin.  ft.,  and 
at  bottom  at  1350  lb.  per  lin.  ft.,  cracks  at  sides  at  2100  lb  per  lin.  ft.  At  the 
maximum  load,  3170  lb.  per  lin.  ft.,  the  deflection  was  0.8  in. 

No.  934.  A  fine  crack  appeared  at  the  top  at  1300  lb.  per  lin.  ft.,  at 
the  bottom  at  1550  lb.  per  lin.  ft,  and  at  the  sides  at  2050  lb.  per  lin  ft. 
At  3050  lb.,  per  lin.  ft.  the  deflection  was  0.73  in.  and  at  the  maximum  load, 
3150  lb.  per  lin.  ft.,  it  was  1.05  in.,  and  the  cracks  at  the  top  and  bottom  soon 
opened  up  V4  in.,  showing  tension  failure. 

No.  928.  A  fine  crack  appeared  at  the  bottom  at  1400  lb.  per  lin.  ft. 
and  one  at  the  top  at  1600  lb.  per  lin.  ft.  These  were  soon  followed  by  vari- 
ous fine  cracks  at  the  sides,  bottom,  and  top.  Deflection  at  3450  lb.  per  lin. 
ft.  was  0.88  in.  and  at  the  maximum  load  of  3550  lb.  per  lin.  ft.  1*4  in. 

No.  931.  Fine  cracks  appeared  at  bottom  and  top  at  a  load  of  2200  lb. 
per  lin  ft.  At  the  maximum  load,  2500  lb.  per  lin.  ft.  the  deflection  was  0.49 
in.  On  further  deflection  the  concrete  inside  the  reinforcing  bars  at  the  top 
and  bottom  stripped  off. 

No.  952.  A  fine  crack  appeared  at  the  bottom  at  1000  lb.  per  lin.  ft.,  at 
the  sides  at  1250  lb.  per  lin.  ft.,  and  at  the  top  at  1450  lb.  per  lin.  ft.  At  a 
load  of  2250  lb.  per  lin.  ft.  the  deflection  was  0.97  in.  At  the  maximum  load, 
2350  lb.  per  lin.  ft.,  the  concrete  split  off  and  the  rods  broke  through  at  the 
top. 

No.  953.  A  fine  crack  appeared  at  the  bottom  at  a  load  of  1200  lb.  per 
lin.  ft.,  one  at  the  top  at  1350  lb.  per  lin.  ft.,  and  at  the  sides  at  2200  lb.  per 
lin.  ft.  Many  fine  cracks  then  appeared  at  bottom,  sides,  and  top.  At  a  load 
of  3300  lb.  per  lin.  ft.  the  deflection  was  0.77  in.,  and  at  the  maximum  load, 
3600  lb.  per  lin.  ft,  1.57  in. 

No.  971.  Fine  cracks  appeared  at  the  top  and  bottom  at  1500  lb.  per  lin. 
ft.  and  at  the  sides  at  1750  lb.  per  lin.  ft.     At  the  maximum  load,  4120  lb. 
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per  lin.  ft.,  the  deflection  was  0.6  in.     Failed  by  tension  in  the  steel  at  both 
top  and  bottom. 

No.  926.  Fine  cracks  appeared  on  the  inner  face  at  the  top  and  bottom  at 
a  load  of  1500  lb.  per  lin.  ft.  More  fine  cracks  appeared  near  these  at  2000 
lb.  per  lin.  ft.,  and  the  number  of  such  cracks  increased  as  the  load  was  in- 
creased. Two  cracks  at  the  bottom  increased  in  size,  and  one  of  these  be- 
came quite  large  before  the  maximum  load  was  reached,  indicating  a  failure 
of  the  ring  by  tension  in  the  steel.  The  maximum  load  was  2850  lb.  per 
lin.  ft.  with  a  deflection  of  0.53  in.  The  load  then  fell  off,  and  as  the  deflec- 
tions were  increased  by  running  the  head  of  the  testing  machine  down,  part 
of  the  bottom  sheared  off  on  either  side  of  the  support  and  the  concrete  split 
off  between  the  reinforcing  rods  and  the  inside  surface  of  the  ring. 

Table  15  gives  the  calculated  moments  at  the  maximum  loads. 
In  part  of  them  failure  came  by  splitting  of  the  concrete  along  the  re- 
inforcing bars.  In  some  cases  this  was  caused  by  imperfect  fabrication, 
the  bars  being  left  too  close  to  the  interior  face  of  the  ring.  The 
deflection  curves  have  much  the  same  characteristics.  The  maximum 
load  gave  a  deflection  of  0.5  to  0.8  in. 

23.  Distributed-Load  Tests  of  Concrete  Rings. — The  plain  con- 
crete rings  which  were  tested  under  a  distributed  load,  bedded  and 
covered  with  sand  and  restrained  at  the  sides  as  already  described, 
cracked  at  the  bottom,  top,  and  sides  at  an  early  load.  With  the  con- 
tinued application  of  the  testing  apparatus  the  load  dropped  off  at  first 
until  at  a  somewhat  greater  deflection  sufficient  side  restraint  had  been 
developed  when  the  load  again  increased  and  continued  to  rise  until 

TABLE  15. 
Reinforced  Concrete  Rings.      Concentrated  Load. 


No. 

Load  at  First 

Crack 
lb.  per  lin.  ft. 

Maximum  Load 
lb.  per  lin.  ft. 

t 
inches 

0.16  Wd 

0.87  Aft 

Ratio 

926 

1500 

2850 

2.75 

23  700 

26  600 

1.12 

928 

1400 

3550 

2.5 

29  500 

24  200 

0.82 

931 

2150 

2500 

2.75 

20  800 

26  600 

1 .  28 

932 

1500 

3000 

3.0 

25  000 

29  100 

1.16 

933 

1170 

3170 

2.0 

26  400 

19  400 

0.73 

934 

1300 

3150 

2.5 

26  400 

24  200 

0.02 

952 

1000 

2350 

2.0 

19  600 

19  400 

0.09 

953 

1200 

3600 

2.25 

29  900 

21  800 

0.73 

971 

1500 

4120 

2 .  75 

34  500 

26  000 

0.77 

a  considerable  change  had  been  made  in  the  vertical  and  horizontal 
diameters  when  the  test  was  discontinued.  The  load-deflection  dia- 
grams are  giveD  in  Fig.  25  for  No.  903  and  No.  906.  The  following 
are  notes  of  the  tests  of  the  two  plain  concrete  rings. 
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No.  903.  At  a  load  of  3550  lb.  per  lin.  ft.  and  a  deflection  of  0.09  in.,  a 
crack  appeared  at  the  bottom  and  the  load  dropped  off  to  2150  lb.  per  lin. 
ft.  The  indications  were  that  the  pressure  of  the  sand  of  the  bed  was  not 
well  distributed.  As  the  loading  head  was  run  down,  cracks  appeared  at  the 
east  side  of  the  ring  at  a  load  of  2150  lb.  per  lin.  ft.,  the  crack  at  the  bottom 
opened  to  1-16  in.,  and  a  crack  formed  at  the  top  of  the  ring.  At  2500  lb. 
per  lin.  ft.  the  crack  at  the  bottom  had  opened  to  %  in.  As  the  deflections 
were  increased,  the  indicated  load  increased,  and  the  cracks  at  the  top, 
bottom,  and  sides  increased  in  width,  though  the  amount  of  the  opening  of 
the  cracks  at  the  sides  could  not  well  be  measured.  At  a  load  of  8000  lb. 
per  lin.  ft.  and  a  deflection  of  1.45  in.,  the  crack  at  the  bottom  was  V2  in. 
wide  and  that  at  the  top  ^4  in.  At  13  000  lb.  per  lin.  ft.  another  crack  ap- 
peared at  the  west  side  6  in.  above  the  horizontal  diameter,  and  crushing 
of  the  concrete  at  the  extremities  of  the  horizontal  diameter  became  appar- 
ent. The  crack  at  the  bottom  was  %  in.  wide  and  that  at  the  top  %  in. 
At  23  000  lb.  per  lin.  ft.  a  crack  appeared  on  the  west  side  somewhat  above 
the  horizontal  diameter.  At  30  500  lb.  per  lin.  ft.  the  vertical  diameter  was 
3  ft.  iy2  in.  and  the  horizontal  4  ft.  4%  in.  The  test  was  discontinued,  al- 
though the  ring  was  still  taking  an  increasing  load. 

No.  906.  At  a  load  of  4800  lb.  per  lin.  ft.  and  a  deflection  of  0.03  in.  a 
crack  appeared  at  the  bottom.  At  4950  lb.  per  lin.  ft.  one  appeared  at  the 
top.  The  load  fell  off  to  4250  lb.  per  lin.  ft.  At  a  deflection  of  0.3  in.  and  a 
load  of  5050  lb.  per  lin.  ft.  cracks  formed  at  the  sides.  These  cracks  gradu- 
ally widened  as  the  deflections  and  loads  were  increased.  A  new  crack  ap- 
peared at  one  side  8  in.  above  the  extremity  of  the  horizontal  diameter  at 
15  500  lb.  per  lin.  ft.  and  one  in  a  similar  place  on  the  other  side  at  20  500 
lb.  per  lin.  ft.  The  crack  at  the  bottom  was  ^4  in.  wide  at  a  load  of  10  500 
lb.  per  lin.  ft.,  %  in.  at  30  500  lb.  per  lin.  ft.,  and  %  in.  at  40  500  lb.  per  lin. 
ft.,  and  that  at  the  top  was  3-16,  5-8,  and  1  in.,  at  the  same  loads.  At  the 
maximum  load  of  44  000  lb.  per  lin.  ft.,  there  was  crushing  at  the  sides,  and  a 
circumferential  crack  formed.  The  vertical  diameter  was  3  ft.  8%  in.  and 
the  horizontal  4  ft.  3%  in. 

It  is  evident  that  in  these  tests  after  the  cracks  appeared  the  rings 

did  not  act  as  a  single  structure  but  instead  formed  four  pieces  under 

equilibrium  somewhat  as  shown  in  Fig.  23.      Without  adequate  lateral 

restraint,  equilibrium  would  not  be  maintained,  and  if  the  elasticity  of 


Fig.   23.      Action   of  Unreinforced  Pipe  Under  Distributed  Load. 

an  embankment  failed,  stability  would  be  lost.     With  the  lateral  pres- 
sure maintained,  failure  occurs  by  crushing  of  the  concrete. 

Fig.  24  gives  the  load-deflection  diagram  for  the  Jackson  pipe.  It 
will  be  seen  that  the  curves  are  similar  to  those  for  the  plain  concrete 
rings. 
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24.  Distribute!- Load  Tests  of  Reinforced  Concrete  Rings. — The 
tests  on  the  reinforced  concrete  rings  and  pipe  followed  the  method 
used  in  the  tests  of  the  cast-iron  rings  and  pipe.     The  reinforced  con- 
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Fig.   24.     Load-Deflection   Diagrams  for   "Jackson"  Pipe. 


crete  rings  were  tested  in  the  small  box,  using  the  600  000-lb.  testing 
machine,  and  the  reinforced  concrete  pipes  were  tested  in  the  hydraulic 
jack  machine. 

In  the  reinforced  concrete  rings  cracks  appeared  early  in  the  test 
on  the  tension  side  at  the  top  and  bottom,  but  the  load  continued  to 
increase,  and  from  this  point  to  a  load  of  12  000  lb.  per  lin.  ft.  the  re- 
inforced concrete  rings  were  much  stiffer  than  the  plain  concrete  rings 
and  were  evidently  acting  as  reinforced  concrete  structures.  During 
this  stage  numerous  cracks  appeared  at  the  top.  bottom,  and  sides  sim- 
ilar to  the  tension  cracks  found  in  the  test  of  reinforced  concrete  beams. 
and  these  increased  in  size.  In  part  of  the  rings  the  crackfl  at  the  top 
and  bottom  increased  in  width  to  such  an  extent  as  to  show  failure  by 
the  steel  becoming  stressed  past  its  yield  point.  In  a  number  of  the 
rings  this  did  not  OCCUr,  but  instead  the  concrete  was  stripped  or  split 
off  over  the  bars  by  the  bars  straightening  out  and  pulling  away 
from  the  interior  concrete.     In  a  few   cases  this  was  due  to  poor  fabri- 
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cation,  the  bars  being  placed  too  close  to  the  inner  surface,  but  evi 
dently  this  feature  is  a  source  of  weakness  in  such  construction.  In 
No.  972,  in  which  the  bars  at  the  top  and  bottom  are  made  with  a 
much  natter  arc,  and  in  No.  976  and  1)77,  in  which  stirrups  were  used, 
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Fig.   25.    Load-Deflection  Diagrams  for  Coxcrete  and  Reinforced  Concrete 
Rings.      Distributed   Load. 
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stripping  of  the  concrete  did  not  develop  and  the  steel  was  stressed  be- 
yond its  yield  point.  This  was  done  also  in  No.  923.  In  all  cases 
after  the  yielding  of  the  steel  or  the  stripping  of  the  concrete  the  action 
of  the  ring  in  the  test  was  much  the  same  as  in  the  tests  of  the  plain 
concrete  rings,  and  there  seems  to  be  no  characteristic  difference  either 
in  the  loads  or  the  amount  of  deflection  except  that  the  cracks  did  not 
open  up  wide  at  the  sides  and  the  angular  displacement  was  distributed 
over  a  larger  number  of  cracks.     This  view  is  borne  out  by  the  fact  that 

TABLE  16. 
Conceete  Rings  and  Pipe.     Distributed  Load. 


No. 

Load  at 

First  Crack 

lb.  per 

lin.  ft. 

Resisting 
Moment 

tV  Wd 

Ratio 

Maximum 

Load 

lb.  per 

lin.  ft. 

Remarks 

903 

906 

985 

& 

986 

3  550 

4  800 
2  000 

17  640 
17  640 
12  250 

12  000 

16  200 

6*630 

0.68 
0.92 
0.54 

30  500 
44  000 
40  000 

Load    still    going 
up.     Test  discon- 
tinued. 

Pipes  from  Jack- 
son, Michigan. 

*  Assume  f  —  245. 


for  this  stage  of  the  test  the  deflections  for  all  the  reinforced  concrete 
rings  (see  Fig.  25),  fall  between  the  lines  for  No.  903  and  906,  the  two 
plain  concrete  rings.  It  is  evident  that  the  action  of  the  ring  in  the 
later  part  of  the  test  is  much  the  same  as  that  of  the  plain  concrete 
rings  in  that  equilibrium  is  maintained  by  the  lateral  restraint  of  the 
sand  and  that  the  integrity  of  the  structure  is  based  upon  the  develop- 
ment and  the  maintenance  of  this  lateral  pressure.     The  following  are 

notes  of  the  tests. 

No.  921.  A  fine  crack  appeared  at  the  bottom  at  3500  lb.  per  lin.  ft.  at 
a  deflection  of  0.14  in.,  two  more  at  4500,  and  one  at  top  at  5000  lb.  per  lin. 
ft.  The  concrete  began  breaking  off  at  the  bottom  at  5500  lb.  and  at  the  top 
at  7000  lb.  per  lin.  ft.,  The  rods  broke  through  and  the  concrete  stripped 
off  at  9000  lb.  per  lin.  ft.  Circumferential  cracks  appeared  at  a  load  of 
13  000  lb.  per  lin.  ft.  and  others  appeared  at  higher  loads.  Crushing  at  sides 
noticed  at  16  500  lb.  per  lin.  ft.  and  was  crushing  freely  at  a  load  of  23  500  lb. 
per  lin.  ft.,  when  the  deflection  was  5.5  in. 

No.  922.  Fine  crack  appeared  at  bottom  at  3500  lb.  per  lin.  ft.  and  one 
at  top  at  the  same  load.  Other  cracks  appeared  at  top  and  bottom  from  4500 
to  6500  lb.  per  lin.  ft.  and  at  sides  7500  lb.  per  lin.  ft.  Rods  broke 
through  concrete  at  12  500  lb.    Load  continued  constant  at  18  500  lb.  per  lin.  ft. 
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No.  923.  In  this  test  the  rods  holding  the  sides  of  the  box  were  loosened 
at  times,  leaving  little  side  restraint.  The  load  then  would  not  increase  until 
there  was  sufficient  increase  in  the  diameter  to  bring  added  pressure 
against  the  ring.  A  fine  crack  appeared  at  the  bottom  at  2250  lb.  per  lin.  ft. 
and  one  at  the  top  at  3000  lb.  per  lin.  ft.  Crushing  at  sides  at  8000  lb.  per 
lin.  ft.,  and  circumferential  cracks  formed.  At  10  500  lb.  per  lin.  ft.  one  rod 
broke  out  at  bottom.  Test  discontinued.  The  large  deflection  due  to  this 
method  of  testing  is  shown  in  Fig  23. 

No.  927.  Fine  crack  at  top  and  bottom  at  3500  lb.  per  lin.  ft.  Other 
fine  cracks  formed  at  higher  loads.  Concrete  stripped  at  bottom  at  8500  lb. 
per  lin.  ft.  Crushing  at  sides  at  13  000  lb.  per  lin.  ft.  Freely  crushing  at 
sides  at  16  500  lb.  per  lin.  ft.  Circumferential  cracks  formed  at  23  000  lb. 
per  lin.  ft.    Test  discontinued  at  26  000  lb.  per  lin.  ft.  and  deflection  of  4.4  in. 

No.  951.  Crack  at  bottom  at  2950  and  one  at  top  at  4000  lb.  per  lin.  ft. 
Other  cracks  soon  formed.  Stripping  at  bottom  at  12  000  lb.  per  lin.  ft. 
Crushing  at  sides  at  14  000  lb.  per  lin.  ft.  Circumferential  crack  at  top  at 
18  000  lb.  per  lin.  ft.  Test  discontinued  at  20  000  lb.  per  lin.  ft.  and  deflec- 
tion of  4.1  in. 

No.  972.  Fine  crack  at  top  at  4500  and  three  at  bottom  at  5500  lb.  per 
lin.  ft.  Cracks  opening  up  at  7500  lb.  per  lin.  ft.  Crushing  began  at  15  500 
lb.  per  lin.  ft.    Test  discontinued  at  17  500  lb.  per  lin.  ft. 

No.  976.  Fine  crack  appeared  at  top  and  bottom  at  4000  and  6000  and  7000 
lb.  per  lin  ft.  Three  tension  cracks  finally  opened  up  wide  at  the  bottom  and 
two  at  the  top.  No  evidence  of  bars  pulling  away  from  the  ring.  Crushing 
began  at  19  000  lb.  per  lin.  ft. 

No.  977.  Fine  cracks  appeared  at  top  at  4000  and  6000  and  at  the  bot- 
tom at  7000  lb.  per  lin.  ft.  More  at  8000  lb.  Bottom  cracks  were  gradually 
opening  at  9000  lb.  per  lin.  ft.  Failure  by  tension  in  steel  at  top  and  bottom 
was  apparent  at  16  000  lb.  per  lin.  ft.  No  signs  of  bars  pulling  away.  Crush- 
ing of  concrete  at  20  000  lb.  per  lin.  ft.  Test  discontinued  at  21  000  lb.  per 
lin.  ft. 

25.  Distributed-Load  Tests  of  Reinforced  Concrete  Pipe. — The 
results  of  the  distributed  load  tests  of  reinforced  concrete  pipe  are  quite 
similar  to  those  of  the  tests  of  rings.  Fine  cracks  became  visible  on 
the  inner  surface  at  the  top  and  bottom  at  loads  from  5000  to  11  000 
lb.  per  lin.  ft.,  the  amount  of  the  load  depending  upon  the  percentage 
of  reinforcement,  and  numerous  fine  cracks  soon  formed.  Circumferen- 
tial cracks  appeared  at  loads  somewhat  greater,  generally  next  to  the 
bell.  At  higher  loads  the  cracks  became  somewhat  larger  though  they 
did  not  open  up  until  much  later  and  in  several  cases  in  place  of  ten- 
sion cracks  opening  diagonal  shear  cracks  appeared,  similar  to  those 
found  in  tests  of  reinforced  concrete  beams.  As  may  be  seen  from  Fig 
26  and  27  there  was  evidently  a  change  in  the  character  of  the  load- 
deflection  diagram  at  this  time,  and  the  critical  load  given  in  Table  17 
is  somewhat  above  the  changes  here  noted.  The  amount  of  the  deflec- 
tion of  the  pipe  at  the  time  of  the  critical  load  averaged  about  0.4  in. 
In  several  cases  stripping  of  the  concrete  from  the  reinforcing  bars  at 
the  top  and  bottom  of  the  pipe  occurred  as  in  the  tests  of  rings,  but  it 
generally  appeared  later  and  was  not  so  serious  as  in  the  case  of  the 
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rings.  The  action  of  the  pipe  at  loads  beyond  the  critical  load  above 
referred  to  was  quite  different  from  that  at  previous  loads,  but  the  re- 
inforcement evidently  acted  to  hold  the  concrete  together  in  the  four 
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quarters  and  the  pressure  was  concentrated  near  the  edge  at  the  four 
quarter  points,  the  pipe  being  held  from  total  failure  by  the  lateral 
restraint  formed  by  the  pressure  of  the   sand  at  the  sides  of  the  pipe 
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in  much  the  same  way  as  has  already  been  described  for  the  reinforced 
concrete  rings.  Crushing  of  the  concrete  began  to  take  place  at  the 
sides  and  top  at  loads  near  the  maximum  load,  and  after  the  vertical 
deflections  had  increased  to  three  or  four  inches  this  crushing  became 
marked,  the  load  dropped  off,  and  the  test  was  discontinued.  Fig.  28 
and  29  give  views  of  the  condition  of  the  reinforced  concrete  pipe  at 
the  end  of  the  test.     The  following  are  notes  of  the  tests. 

Pipe  No.  981.  This  pipe,  which  was  reinforced  with  %-in.  corrugated 
bars,  was  given  a  preliminary  loading  in  the  testing  box,  the  load  being  ap- 
plied through  I-beams  used  as  levers.  The  center  of  the  load  was  placed  so 
that  it  was  11  in.  closer  to  the  bell  than  was  the  center  of  the  pipe.  In  this 
test  cracks  first  became  visible  at  top  and  bottom  at  a  load  of  8100  lb.  per  lin. 
ft.  These  cracks  extended  from  end  to  end  of  the  pipe.  Others  appeared  at 
top  and  bottom  as  the  deflection  increased,  and  circumferential  cracks  ap- 
peared in  the  bell  at  11 100  lb.  per  lin.  ft.  The  loading  was  increased 
to  11  600  lb.  per  lin.  ft.  at  which  point  the  I-beams  commenced  to  buckle  and 
the  test  was  discontinued. 

This  pipe  was  afterward  tested  to  destruction  in  the  hydraulic  jack  test- 
ing machine.  This  time  the  load  center  was  8  in.  off  the  pipe  center  toward 
the  bell.  The  cracks  above  noted  reopened  and  large  radial  and  circum- 
ferential cracks  appeared  in  the  bell  at  a  load  of  18  800  lb.  per  lin.  ft.  At 
21  500  lb.  per  lin.  ft.  one  crack  in  the  bottom  was  quite  large  from  end  to  end 
and  at  27  000  lb.  per  lin.  ft.  crushing  of  the  concrete  commenced  on  the  in- 
side.    Large  pieces  fell  off  the  bell,  exposing  the  steel  when  29  700  per  lin. 


Fig.  28.     Vh  \\   oi    Reinforced  Concreti     Pipi     lftkb   Test. 
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ft.  was  reached,  and  at  30  600  lb.  per  lin.  ft.  the  maximum  was  reached  and 
the  test  discontinued. 

Pipe  No.  982.  This  pipe  was  reinforced  with  ^-in.  corrugated  bars  and 
was  149  days  old  at  the  time  it  was  tested.  This  pipe  was  heated  by  steam  coils 
to  accelerate  its  hardening  and  an  examination  showed  that  the  concrete  was 
somewhat  injured  thereby.  It  was  loaded  8  in.  off  center.  At  a  load  of  11  000 
lb.  per  lin.  ft.  circumferential  cracks  appeared  at  top  and  bottom  in  the  bell, 
and  hair  cracks  appeared  at  top  and  bottom  in  the  spigot  end.  The  cracks 
opened   up  wider  as  the  deflection   increased   and   at   18  500   lb.   per   lin.   ft. 


Fig.  29.     View  of  Reinforced  Concrete  Pipe  after  Test. 


crushing  commenced  inside  the  bell  end,  soon  extending  from  end  to  end 
of  the  pipe.  At  22  200  lb.  per  lin.  ft.  diagonal  cracks  appeared  at  top  and 
sides  somewhat  like  shear  cracks  and  soon  crushing  commenced  on  both 
sides  about  20  degrees  above  the  horizontal  diameter.  At  a  load  of  25  000  lb. 
per  lin.  ft.  the  test  was  discontinued. 

Pipe  No.  983.  This  pipe  was  reinforced  with  ^i-in.  corrugated  bars.  The 
load  center  was  5  in.  off  the  pipe  center  toward  the  bell.  Tension  cracks  de- 
veloped at  the  top  in  both  ends  at  a  load  of  4900  lb.  per  lin.  ft.  and  a  crack 
appeared  at  the  bottom  at  6700  lb.  per  lin.  ft.  These  cracks  opened  up  wider 
and  cracks  appeared  in  the  bell  at  a  load  of  10  400  lb.  per  lin.  ft.  Crushing 
commenced  on  both  sides  at  21  600  lb,  per  lin.  ft.  and  at  23  400  lb.  per  lin. 
ft.,  the  maximum,  and  the  average  change  in  the  vertical  diameter  of  3.03  in. 
was  noted,  which  increased  rapidly  as  the  load  was  held  on  the  pipe. 

Pipe  No.  987.  This  test  was  made  with  the  load  2%  in.  off  center.  This 
pipe,  which  was  reinforced  with  fence  wire,  cracked  end  to  end  at  both  top 
and  bottom  at  a  load  of  4950  lb.  per  lin.  ft.  At  6800  lb.  per  lin.  ft.  radial  and 
circumferential  cracks  appeared  all   through  the  bell.     As  the  deflection  in- 
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creased  the  cracks  opened  wider  and  when  a  load  of  10  500  lb.  per  lin.  ft. 
was  reached,  crushing  commenced  on  both  sides  near  the  bell  and  immedi- 
ately extended  end  to  end  of  the  pipe.  The  bell  commenced  breaking  away 
from  the  barrel  at  20  000  lb.  per  lin.  ft.  and  a  maximum  was  reached  at  a  load 
of  23  800  lb.  per  lin.  ft.  The  appearance  of  this  pipe  in  the  later  stages  of 
the  test  indicated  that  the  load  was  applied  over  a  small  portion  of  the  sur- 
face, thus  approaching  a  concentrated  load.  This  may  be  the  explanation  of 
the  large  deflection  found  in  this  test. 

Pipe  No.  988.  This  pipe,  which  was  loaded  1%  in.  off  center  toward  the 
bell,  was  reinforced  with  Clinton  wire  mesh,  the  wire  being  No.  3.  The 
first  fine  cracks  appeared  in  both  top  and  bottom  and  extended  from  end  to 
end  at  a  load  of  6  700  lb.  per  lin.  ft.  At  a  load  of  12  300  lb.  per  lin.  ft.  the 
first  cracks  had  opened  wider  and  shear  cracks  were  appearing  in  the 
bottom  of  the  spigot  end.  At  16  000  lb.  per  lin.  ft.  shear  cracks  opened  in 
the  top  of  the  bell  and  tension  cracks  opened  at  both  ends  in  the  sides  of  the 
pipe.  Crushing  then  started  on  the  inside  and  a  maximum  was  reached  at  a 
load  of  30  900  lb.  per  lin.  ft. 

26.  Comparison  and  Discussion. — Table  17  gives  the  loads  at  the 
appearance  of  the  first  crack,  the  maximum  load  carried,  a  so-called 
critical  load,  and  a  comparison  of  the  critical  load  with  the  resisting 
moment  of  the  pipe  or  ring  acting  as  a  reinforced  concrete  structure. 
By  the  first  crack  is  meant  the  first  crack  which  was  observed,  a  very 
fine  crack  similar  to  the  fine  cracks  which  appear  in  reinforced  concrete 
beams  and  which  did  not  interfere  with  the  strength  or  durability  of  the 
structure.  The  critical  load  is  taken  at  the  point  where  there  is  a 
marked  change  in  the  direction  of  the  load-deflection  diagram  and 
where  it  becomes  more  nearly  a  straight  line.  There  was  at  or  about 
this  load  a  noticeable  change  in  the  pipe,  shown  by  the  tension  cracks 
enlarging  or  by  the  shear  cracks  forming.  It  seems  evident  that  up  to 
this  point  the  resistance  of  the  pipe  is  that  of  a  reinforced  concrete 
beam  and  that  beyond  this  critical  load  the  action  of  the  reinforcement 
is  principally  to  hold  the  parts  of  the  ring  together  and  the  main  resist- 
ance is  the  compressive  strength  of  the  concrete  at  the  top,  bottom, 
and  side  points  against  pressure  induced  by  the  arch  action  made  pos- 
sible by  the  lateral  pressure  and  restraint  of  the  sand  at  the  sides. 
This  view  is  corroborated  by  the  amount  of  deflection  and  by  tbe  sim- 
ilarity of  action  and  of  deflection  in  the  tests  of  the  Jackson  pipe  and  of 
the  plain  concrete  rings.  The  column  headed  t  gives  the  average  dis- 
tance from  the  center  of  the  reinforcing  bars  to  the  compression  face  of 
the  concrete  at  the  top  and  bottom.  No  allowance  has  been  made  in 
the  calculations  for  the  greater  size  and  stiffness  of  the  bell.  The  col- 
umn headed  M'  gives  the  bending  moment  calculated  from  the  critical 
load  on  the  basis  that  the  load  is  evenly  distributed  over  the  horizontal 
section  and  that  there  is  no  side  restraint.  The  column  headed  MQ 
gives  the  resisting  moment  as  a  reinforced   concrete   beam  by  the  form- 
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ula  0.87  Aft  and  is  based  upon  the  strength  of  the  steel  at  its  yield 
point  as  the  controlling  element.  A  is  the  area  of  reinforcement  in  a 
length  of  pipe  of  1  foot,  t  is  the  distance  from  the  center  of  the  rein- 
forcement to  the  compression  face  of  the  concrete  and  /  is  the  strength 
of  the  steel  at  the  yield  point  which  is  here  taken  to  be  46  400  lb.  per 
sq.  in.  for  the  rings,  and  55  000  lb.  per  sq.  in.  for  the  pipe.  For  the 
condition  that  the  reinforced  concrete  fails  by  the  tension  of  the  steel 
at  its  yield  point,  that  the  load  is  uniformly  distributed  over  a  horizon- 
tal section  and  that  there  is  no  lateral  restraint,  the  ratio  of  the  two 
moments  should  be  unit}'.  If  the  resisting  moment  due  to  the  steel  is 
not  developed,  as  in  the  case  of  No.  982  where  a  large  amount  of  re- 
inforcement is  used,  this  ratio  will  be  greater  than  unity.  In  case 
there  is  side  restraint  the  effect  will  be  to  reduce  the  ratio  to  an  amount 
less  than  unity,  provided  both  the  horizontal  pressure  and  the  vertical 
pressure  are  uniformly  distributed.  For  these  conditions  the  amount  of 
the  ratio  should  be  1  —  q  given  in  equation  (9).     That  is  to  say,  if  the 

TABLE  17. 

Reinforced  Concrete  Rings  and  Pipe. 

Distributed  Load. 


No. 


Load  at  First 

Crack 
lb.  per  lin.  ft. 


Critical  Load 
lb.  per  lin.  ft. 


t 
inches 


if' 

l«  Wd 


.87  Aft 


Ratio 
M' 


Maximum 

Load 
lb.  per  lin.  ft. 


Reinforced  Concrete  Rings. 


*923 

2  250 

7  000 

2.50 

22  700 

24  200 

1.06 

10  500 

921 

3  500 

10  000 

2.50 

32  500 

24  200 

0.74 

23  500 

922 

3  250 

10  000 

2.50 

32  500 

24  200 

0.74 

18  500 

927 

3  250 

8  000 

2.50 

26  000 

24  200 

0.93 

26  000 

951 

3  200 

9  000 

2.50 

29  200 

24  200 

0.83 

25  000 

972 

4  500 

8  000 

2.75 

26  000 

26  700 

1.03 

17  500 

976 

4  000 

9  000 

3.00 

29  200 

29  000 

0.99 

19  000 

977 

4  000 

10  000 

3.00 

32  500 

29  000 

0.89 

21  000 

Reinforced  Concrete  Pipe. 


981 

8  360 

19  500 

3.00 

63  500 

34  700 

0.55 

31  500 

982 

10  960 

15  000 

3.00 

48  800 

72  600 

1.49 

24  800 

983 

4  950 

12  500 

3.00 

40  600 

34  700 

0.86 

23  800 

988 

6  700 

9  000 

3.00 

29  200 

31  400 

987 

4  950 

9  000 

3.00 

29  200 

23  800 

*No  lateral  restraint. 
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ratio  is  0.75  the  lateral  pressure  would  be  25%  of  the  vertical  pressure. 
In  case  the  load  is  not  uniformly  distributed  over  the  horizontal  section 
this  relation  would  not  hold  and  the  tendency  of  any  concentration  of 
the  load  near  the  center  of  the  top  of  the  pipe  would  be  to  give  a  smaller 
ratio  than  would  otherwise  be  found.  This  is  complicated  by  the 
probability  of  uneven  distribution  of  the  loads  along  the  length  of  the 
pipe. 

It  is  noticeable  that  No.  982  has  a  high  ratio.  This  is  the  pipe 
with  the  large  percentage  of  reinforcement  and  made  of  concrete  which 
seems  to  have  been  injured  in  the  curing.  With  this  exception  the 
ratios  are-  generally  less  than  unity  and  their  average,  0.92,  is  not  far 
from  the  average  found  in  the  distributed  load  tests  of  the  cast-iron 
pipe  and  rings.  Ring  No.  923  in  which  the  rods  were  kept  loosened  so 
that  there  was  no  lateral  restraint  has  a  somewhat  higher  ratio  and 
agrees  fairly  well  with  the  calculated  value. 

After  the  critical  load  has  been  passed  the  reinforced  concrete  ring 
will,  under  the  conditions  of  the  test,  bear  a  considerably  higher  load 
than  the  critical  load,  though  it  must  be  understood  that  this  load 
comes  after  the  reinforcement  ceases  to  act  as  in  a  reinforced  concrete 
beam,  that  the  cracks  formed  are  such  that  the  reinforcement  may  be 
exposed  and  the  durability  of  the  structure  threatened,  and  that  the 
strength  of  the  pipe  is  dependent  upon  the  maintenance  of  the  lateral 
restraint  of  the  sand  at  the  sides. 

VI.     General  Comparison  of  Results. 

27.  Comparison  of  Methods  of  Loading. — The  tests  uncter  con- 
centrated load  for  both  the  cast-iron  rings  and  the  reinforce.!  concrete 
rings  gave  results  which  are  consistent  with  analysis,  both  as  to  strength 
of  the  rings  and  as  to  the  nature  of  the  deflection  curves  and  the  amount 
of  the  deflection.  The  cast-iron  rings  broke  suddenly,  but  the  rein- 
forced concrete  rings  (as  shown  in  Fig.  22)  maintained  the  maximum 
load  until  the  deflections  had  increased  materially.  It  is  evident  that 
the  reinforced  concrete  structure  may  be  deflected  much  beyond  the 
amount  which  is  produced  by  the  critical  load  before  final  failure 
results. 

in  the  discussion  of  the  tests  under  distributed  load  tor  both  the 
cast-iron  pipe  and  the  reinforced  concrete  pipe,  it  was  noted  that  the 
determination  of  the  resistance  of  the  pipe  to  distributed  l<>a<l  is  much 
complicated  by   the   uncertainty  in   the    distribution    of   the  load  and  in 
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the  amount  of  lateral  pressure  which  may  be  developed.  It  is  worth 
while,  however,  to  make  a  discussion  of  the  observations  and  calcula- 
tions to  see  what  conclusions  may  be  drawn.  In  Table  10  already  re- 
ferred to  are  given  values  of  the  bending  moment  and  resisting  moment 
developed  in  the  cast-iron  pipe,  and  in  Table  16  values  of  these  mo- 
ments for  the  reinforced  concrete  pipe.  As  has  already  been  noted, 
the  expression  used  for  the  bending  moment,  tV  Wd,  is  based  upon  the 
assumption  that  the  load  is  uniformly  distributed  over  the  horizontal 
section  both  longitudinally  and  transversely,  and  also  that  there  is  no 
lateral  restraining  pressure.  The  value  of  the  resisting  moment  in 
Table  10  is  based  upon  the  modulus  of  rupture  determined  from 
the  tests  of  the  cast-iron  rings  under  concentrated  load.  The  value  of 
■the  resisting  moment  of  the  reinforced  concrete  pipe  in  Table  16  is 
■based  upon  the  ordinary  formula  for  strength  of  a  reinforced  concrete 
(beam  at  the  yield  point  of  the  reinforcement  and  does  not  consider  that 
lailure  by  diagonal  shear  or  other  cause  may  occur  earlier. 

Under  the  above  assumptions  the  ratio  of  the  resisting  moment 
to  the  bending  moment  developed,  as  given  in  the  above  table,  should 
be  unity.  If  a  lateral  pressure  acts,  the  ratio  should  be  less  than  unity 
and  its  value  would  correspond  to  the  1  —  q  of  equation  (9).  If 
the  lateral  pressure  is  25%  of  the  vertical  pressure,  both  being  assumed 
to  be  uniformly  distributed,  the  ratio  would  be  0.75.  If,  however,  the 
load  is  not  uniformly  distributed  over  the  horizontal  section  the  effect 
would  be  to  give  a  larger  ratio  in  the  calculations  made  than  would  be 
found  if  the  actual  distribution  of  the  load  were  known  and  used.  The 
•effect  of  the  bell  itself  may  possibly  make  the  resisting  moment  of  the 
pipe  smaller  than  is  assumed  in  the  tables. 

The  average  value  of  the  ratio  in  the  table  for  the  cast-iron  pipe  is 
somewhat  less  than  unity.  It  has  been  suggested  that  the  higher  val- 
ues of  this  ratio  may  be  due  to  uneven  bedding  and  distribution  of 
the  load  and  this  is  borne  out  by  some  of  the  observations  of  the  test. 
The  lower  values  of  the  ratio  indicate  the  presence  of  considerable  lat- 
eral pressure,  and  the  effect  of  no  lateral  pressure  upon  deflections  is 
quite  apparent  in  the  test  of  cast-iron  pipe  No.  990,  and  in  the  rein- 
forced concrete  ring  No.  923,  where  the  horizontal  restraining  rods  were 
kept  loosened. 

Evidently  there  is  more  or  less  variation  in  the  conditions  of  the 
test  and  probably  also  in  the  resisting  strength  of  the  pipe.  In  the  re- 
inforced concrete  rings  and  pipe  the  selection  of  the  critical  load  given 
in  Table  16  is  dependent  somewhat  upon  judgment,   but  the  values 
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have  been  compared  with  the  conditions  in  the  concentrated  load  tests, 
and  changes  which  may  be  made  by  different  individuals  would  not 
affect  the  results  materially.  The  value  of  the  ratio  of  the  two  mo- 
ments is  seen  to  be  quite  similar  to  those  given  in  the  table  for  the 
cast-iron  pipe,  and  its  average  is  under  unity.  Evidently  the  conditions 
relating  to  the  distribution  of  load  and  the  effect  of  the  lateral  pressure 
are  similar  to  those  found  in  the  test  of  cast-iron  pipe.  For  high  per- 
centages of  reinforcement  or  with  steel  of  a  high  elastic  limit,  like 
drawn  wire,  the  pipe  is  likely  to  fail  by  other  forms  of  failure  than 
through  the  steel  being  stressed  beyond  its  yield  point. 

In  the  reinforced  concrete  pipe  beyond  the  so-called  critical  load 
the  action  of  the  structure,  as  has  already  been  stated,  is  quite  different 
and  the  final  failure  is  through  crushing  of  the  concrete.  It  would 
seem  that  this  strength  is  available  in  an  emergency,  though  the  con- 
dition of  the  concrete  in  reference  to  cracks  and  defects  may  be  such 
as  to  affect  the  durability  of  the  structure. 

28.  Measure  of  Strength  of  Pipe. — From  these  tests  it  seems 
evident  that  the  lateral  restraint  is  considerable  and  that  the  pressure 
exerted  at  the  sides  aids  considerably  in  holding  the  pipe  from  large 
deflections  and  thus  strengthens  it  materially,  but  at  the  same  time 
the  apparent  effect  of  this  is  largely  counteracted  by  the  lack  of  uni- 
formity in  the  distribution  of  the  load  and  the  lateral  pressure,  which 
results  in  making  the  bending  moment  of  the  vertical  load  larger  than 
the  assumed  moment.  Any  reduction  in  the  ratio  1  —  q  below  unity 
which  may  be  found  in  the  tests  may  be  considered  to  be  merely  an 
added  safeguard.  It  will  probably  be  best  then  to  use  tV  TVrf  for  the 
bending  moment  coming  upon  such  a  pipe  when  the  bedding  and  later 
filling  are  well  done,  considering  any  reduction  in  the  ratio  of  moments 
here  discussed  only  as  a  margin  of  safety.  In  case  of  careless  or  in- 
different bedding  or  filling  the  lack  of  uniformity  of  distribution  of 
pressure  transversely  and  longitudinally  will  require  that  a  higher 
bending  moment  than  j\   Wd  be  used. 

The  strength  of  cast-iron  pipe  may  be  calculated  by  using,  in  the 
expression  for  resisting  moment,  a  value  of  the  modulus  of  rupture, 
say,  25%  less  than  the  modulus  of  rupture  obtained  by  breaking  small 
beam  test  specimens  of  the  same  metal.  The  effect  of  the  presence  of 
the  bell  is  somewhat  uncertain  but  it  is  quite  probable  that  greater 
strength  could  be  obtained  by  distributing  the  metal  of  the  bell 
throughout  the  barrel  of  the  pipe.  It  Beeme  probable,  too.  that  as 
ordinarily  laid  in  the  embankment    the  stiffness  of   the  hell    will  inter- 
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fere  with  the  distribution  of  pressure  over  the  bed  and  thus  reduce  the 
strength  of  the  culvert.  It  should  be  noted,  too,  that  it  is  probable 
that  the  quality  of  the  cast-iron  pipe  tested  was  better  than  the  ordin- 
ary run  of  cast-iron  culvert  pipe  used  by  railroads.  In  the  tests  the 
cast-iron  pipe  failed  at  the  maximum  load  and  the  load  sustained 
dropped  off  suddenly,  indicating  that  there  would  be  a  complete  col- 
lapse under  a  dead  load. 

The  critical  strength  of  reinforced  concrete  culvert  pipe  where  the 
reinforcement  does  not  exceed,  say  0.75  of  1%  and  is  of  medium  steel 
may  be  measured  by  the  resisting  moment  calculated  by  the  ordinary 
beam  formula.  This,  of  course,  is  with  good  concrete.  The  resistance 
against  diagonal  tension  and  stripping  of  the  concrete  over  the  bars 
may  be  improved  by  flattening  the  arc  around  the  top  and  bottom  and 
possibly  by  the  use  of  stirrups  at  these  points.  The  actual  load  which 
the  reinforced  concrete  pipe  will  take  above  this  critical  load  is  a 
great  safeguard.  The  property  which  a  reinforced  concrete  beam  has 
of  holding  a  load  near  its  maximum  load  through  a  considerable  deflec- 
tion may  be  of  great  value  in  case  the  earth  at  the  sides  yields  and  the 
pipe  must  follow  it  to  get  the  benefit  of  side  restraint. 

29.  Loads  and  Failures. — The  distributed  load  tests  herein  de- 
scribed were  made  with  the  filling  of  sand  carefully  placed  and  packed. 
It  is  evident  that  the  condition  of  the  bedding  and  filling  and  also  the 
nature  of  the  materials  used  in  filling  over  the  pipe  will  have  a  great 
influence  upon  the  amount  of  the  load  and  upon  its  distribution.  The 
experience  in  the  breaking  of  vitrified  pipe  sewers  is  analogous.  Many 
cases  of  breakage  of  lines  of  pipe  sewer  have  been  reported  in  diameters 
from  18  in.  upward.  These  instances  have  occurred  in  rock  and  clay 
more  generally,  though  such  failures  are  found  in  sand  and  quick-sand. 
The  load  which  will  come  upon  such  sewer  pipe  from  the  trenches  will 
vary  with  the  manner  of  filling  and  the  nature  of  the  soil,  as  has  already 
been  suggested.  Failures  of  cast-iron  pipe  under  high  embankments 
have  been  reported.  In  some  of  these  cases  the  loose  rock  which  was 
used  for  filling  produced  high  loads.  The  effect  of  the  manner  of  fill- 
ing and  of  the  nature  of  the  material  and  the  cause  and  prevention  of 
such  breakages  would  make  a  long  paper  by  themselves.  It  is  hoped, 
however,  that  the  publication  of  this  paper  will  bring  to  light  instances 
of  the  failure  of  culvert  pipe  and  sufficient  data  to  throw  light  upon  the 
loads  which  were  produced  by  the  embankment.  If  engineers  will 
report  the  circumstances  attending  such  failures,  the  height  of  the  em- 
bankment, the  conditions   of  the    bedding,  the  nature  of  filling,  the 
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nature  of  the  materials  placed  in  the  filling,  and  the  time  which  had 
elapsed  after  construction,  the  information  will  be  very  helpful  in  plan- 
ning new  structures,  particularly  where  new  types  of  construction  like 
concrete  and  reinforced  concrete  are  to  be  used.  Such  data  will  add 
much  to  the  information  given  in  this  paper. 

30.  Summary.—  From  the  tests  and  the  discussions  it  would  seem 
evident  that  among  the  facts  brought  out  are  the  following  : 

1.  The  cast-iron  rings  broke  under  a  concentrated  load  at  a  calcu- 
lated modulus  of  rupture  25%  less  than  the  modulus  obtained  from 
rectangular  test  pieces  cut  from  the  rings.  The  average  value  of  the 
modulus  of  rupture  for  the  ring  tests  was  27  000  lb.  per  sq.  in.,  and  it 
should  be  noted  that  this  value  was  obtained  with  an  excellent  quality 
of  iron. 

2.  The  cast-iron  pipe  loaded  in  sand  broke  suddenly  at  one  end  or 
the  other,  finally  breaking  through  the  entire  length  of  the  pipe.  Upon 
failure  the  load  dropped  materially  and  there  was  little  further  strength 
to  the  structure.  The  stiffness  of  the  bell  affected  the  deflections  and 
acted  to  prevent  a  uniform  distribution  of  stress  throughout  the  length 
of  the  barrel.  The  presence  of  the  bell  adds  to  the  difficulties  of  secur- 
ing a  uniform  distribution  of  the  load,  and  detracts  from  the  strength 
of  the  pipe. 

3.  The  plain  concrete  rings  broke  under  slight  deflections  at  loads 
which  agreed  well  with  the  calculated  strength,  both  under  concentrated 
load  and  distributed  load-  In  the  testing  box  under  the  restraining 
lateral  pressure  these  rings  held  high  loads  after  the  segments  had  been 
deflected  considerably  from  their  original  position,  finally  breaking  by 
crushing  of  the  concrete  under  conditions  shown  in  Fig.  23. 

4.  The  reinforced  concrete  rings  in  the  concentrated  load  tests 
held  their  maximum  loads  or  about  their  maximum  loads  through  a 
considerable  deflection,  thus  showing  a  quality  which  is  of  value  when 
changes  in  earth  conditions  permit  a  gradual  yielding  of  the  surround- 
ing earth.  The  calculated  restraining  moment  agrees  fairly  well  witli 
the  calculated  bending  moment. 

5.  The  reinforced  concrete  rings  and  pipes  tested  under  distributed 
load  made  a  satisfactory  showing.  The  so-called  critical  failure  may 
occur  by  either  tension  failure  in  the  steel  or  a  diagonal  tension  failure 
(ordinarily  called  shearing  failures)  in  the  concrete.  A  flattened  arc 
for  the  reinforcement  where  it  approaches  the  inner  face  i>  of  assistance 
and  stirrups  may  he  of   some    value.      Beyond    the  critical   load  the  re- 
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inforcement  is  of  service  in  distributing  the  cracks  and  in  holding  the 
concrete  together.  Final  failure  is  by  crushing  of  the  concrete  in  much 
the  same  way  as  was  obtained  with  the  plain  concrete  rings.  The  ad- 
ditional strength  beyond  the  critical  load  may  be  taken  into  considera- 
tion in  selecting  the  factor  of  safety  or  working  strength. 

6.  The  restraint  of  the  sand  in  the  tests  is  very  important,  and 
the  effect  is  to  reduce  the  bending  moment  developed  by  a  given 
vertical  load,  or,  as  it  would  be  commonly  stated,  to  add  strength  to 
the  pipe.  The  degree  of  permanency  of  this  side  restraint  is  uncertain. 
It  seems  evident  in  these  tests  that  the  distribution  of  the  pressure, 
both  horizontal  and  vertical,  was  not  uniform,  and  that  with  the  usual 
method  of  placing  a  pipe  in  an  embankment,  and  especially  when 
other  materials  than  sand  are  used,  the  distribution  would  be  even  less 
uniform  than  here  found.  In  view  of  this  it  will  be  well  in  making 
calculations  and  designs  to  use  the  formula  TV  Wd  for  the  bending  mo- 
ment, thus  considering  that  the  side  of  restraint  is  offset  by  the  uneven 
distribution  of  the  load,  any  surplus  from  this  being  considered  merely 
an  additional  margin  of  safety.  For  pipes  poorly  bedded  and  filled  a 
larger  bending  moment  than  yV  Wd  should  be  used. 

7.  The  method  of  bedding  and  laying  pipes  and  the  nature  of  the 
bed  and  the  surrounding  earth  have  a  great  effect  upon  the  bending 
moment  developed  and  upon  the  resistance  of  the  pipe  to  failure.  If 
the  method  of  laying,  or  the  hardness  of  the  soil  below,  or  the  condition 
of  the  settlement  of  the  pipe  is  such  that  the  pipe  is  supported  only  or 
mainly  along  an  element  of  the  cylinder  at  the  bottom  the  bending 
moment  developed  will  be  greatly  increased  over  that  of  a  uniformly 
distributed  support.  If  the  greatest  supported  pressure  comes  at  points 
well  to  the  side  of  this  bottom  element,  as  may  be  obtained  by  careful 
bedding,  the  bending  moment  is  reduced.  It  is  also  plain  that  the 
bell  should  be  left  free  from  pressure  at  the  bottom.  It  is  possible  that 
the  presence  of  the  bell  detracts  from  the  strength  of  the  pipe.  Any 
action  in  filling  which  increases  the  lateral  restraint  against  the  pipe 
will  add  to  the  security. of  the  structure. 
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VOIDS,  SETTLEMENT  AND  WEIGHT  OF 
CRUSHED  STONE 
By  Ira  O.  Baker,  Professor  of  Civil  Engineering 

Introduction 

Crushed  stone  has  become  an  important  material  of  construc- 
tion in  modern  engineering  work.  The  chief  causes  for  this  are 
the  great  increase  in  the  use  of  plain  and  reinforced  concrete, 
and  the  increased  activity  in  macadam  road  construction.  The 
advances  made  in  these  lines  have  been  so  rapid  that  crushed 
stone  has  suddenly  changed  from  a  minor  material  to  one  of  first 
importance  in  modern  engineering  construction.  This  has  been 
done  in  such  a  short  time  that  the  present  knowledge  of  the  prop- 
erties of  crushed  stone  is  entirely  inadequate;  and  the  determin- 
ation of  its  weight,  voids,  and  settlement,  and  the  variations  of 
these  have  never  been  attempted  on  any  adequate  scale,  so  far 
as  the  writer  has  been  able  to  ascertain.  Before  commencing  this 
article  a  diligent  search  was  made  of  engineering  literature  for 
information  upon  this  subject.  No  definite  information  was  found 
concerning  the  weight  of  a  cubic  yard  of  stone  of  different  sizes 
(except  one  item  as  noted  in  Appendix  I)  or  the  amount  of  settle- 
ment in  transit.  The  only  other  reference  on  the  subject  was  the 
request  of  a  correspondent  in  one  of  the  leading  engineering 
journals  for  information  regarding  the  weight  of  crushed  stone. 
In  answer  a  wide  range  of  limits  was  given  with  the  explanation 
that  as  no  definite  values  were  known,  the  general  practice  was  to 
assume  some  value  within  these  limits. 
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The  need  for  reliable  data  on  these  subjects  is  very  apparent 
to  the  engineer  who  makes  designs  and  estimates.  Accustomed 
to  use  all  other  materials,  both  of  engineering  and  everyday  life, 
and  to  deal  with  standard  units  of  weights  and  measures,  he  finds 
here  that  there  are  no  standards  at  all.  For  instance,  practically 
all  of  the  quarries  sell  stone  by  the  yard,  but  the  so-called  yard 
in  one  place  is  not  always  the  same  as  the  yard  at  some  other 
place.  In  most  cases  a  certain  weight  is  taken  as  a  yard;  but 
these  weights  are  generally  arbitrary  amounts  that  are  supposed 
to  approximate  the  true  value,  and  they  differ  for  different  locali- 
ties and  for  the  different  kinds  and  sizes  of  stone.  Consequently, 
the  number  of  yards  and  therefore  the  cost  of  the  stone  for  the 
same  piece  of  work  would  differ  according  to  the  location  of  the 
stone  supply.  Furthermore,  this  ambiguity  may  cause  difficulties 
to  arise  between  the  producer,  the  carrier,  and  the  consumer. 
The  producer  measures  the  volume  loose  in  the  car  after  it  is 
loaded  from  the  crusher.  The  railway  then  weighs  the  cars  and 
computes  the  number  of  cubic  yards  by  assuming  the  weight  of  a 
yard.  The  consumer  receives  the  invoice  from  the  producer,  and 
the  freight  bill  from  the  railway,  and  tries  to  check  them,  but 
generally  finds  they  do  not  agree.  So  it  is  evident  that  this  lack 
of  standards  entails  possibilities  of  constant  controversy  between 
the  shipper,  the  railroad,  and  the  consumer. 

Again,  it  is  well  known  that  the  volume  of  crushed  stone 
shrinks  in  transit;  and  to  make  accurate  estimates  the  engineer 
should  know  the  probable  amount  of  this  shrinkage.  If  a  cer- 
tain number  of  yards  of  tamped  or  consolidated  stone  are  required 
for  a  pier  or  for  a  certain  length  of  macadam  road,  it  is  neces- 
sary to  know  how  many  yards  to  order  at  the  quarry  so  as  to 
have  the  required  amount  in  the  structure.  As  done  at  present, 
the  engineer  to  be  on  the  safe  side  usually  orders  considerably 
more  than  he  thinks  is  enough,  and  even  then  he  sometimes  finds 
he  has  not  made  allowance  enough. 

In  order  to  establish  a  definite  standard  for  the  different  sizes 
and  varieties  of  crushed  stone,  tests  should  be  made  until  suffi- 
cient data  have  been  accumulated  to  determine  a  definite  value  for 
the  weight  of  a  cubic  yard  of  crushed  stone  under  various  condi- 
tions, or  to  establish  a  coefficient  by  which  either  the  weight  of  a 
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cubic  foot  or  a  cubic  yard  of  the  solid  stone,  or  its  specific  grav- 
ity, can  be  multiplied  to  give  the  weight  per  cubic  yard  of  crushed 
stone.  It  is  obvious  that  to  make  the  results  of  the  greatest 
value  will  require  a  very  large  number  of  observations  under 
a  variety  of  conditions.  It  is  the  purpose  of  this  article  to  give 
the  results  of  a  few  tests  along  these  lines. 

Of  the  data  hereinafter  referred  to,  the  observations  on  Ches- 
ter stone  and  part  of  those  on  Joliet  stone  were  made  by  Mr.  Albert 
J.  Schafmayer,  a  senior  student  in  Civil  Engineering,  during  the 
summer  of  1906,  while  employed  by  the  Illinois  Highway  Com- 
mission in  connection  with  constructional  work.  A  brief  sum- 
mary of  Mr.  Shafmayer's  results  was  published  in  the  report 
of  A.  N.  Johnson,  State  Highway  Engineer,  in  the  first  annual 
report  of  the  Illinois  Highway  Commission.  The  observations  on 
Kankakee  stone  and  part  of  those  on  Joliet  stone  were  made 
by  Mr.  Benjamin  L.  Bowling,  an  employee  of  the  Engineering 
Experiment  Station,  during  the  fall  of  1907.  None  of  the  inves- 
tigations could  have  been  made  except  for  the  generous  cooper- 
ation of  the  officials  of  the  State  Penitentiaries  at  Chester  and 
Joliet,    and   of   the   McLaughlin-Mateer  Company  of  Kankakee. 

Some  observations  were  taken  at  Chicago  and  at  Gary,  HHnois, 
but  unavoidable  conditions  at  these  plants  prevented  a  completion 
of  the  work,  and  the  results  obtained  are  too  incomplete  to  be  of 
any  considerable  value,  and  hence  are  not  further  referred  to. 

The  Stone 

The  observations  referred  to  in  this  article  relate  wholly  to 
limestone,  although  in  the  appendix  some  data  are  given  con- 
cerning trap.  The  limestones  experimented  with  were  those  quar- 
ried at  Chester,  Joliet,  and  Kankakee. 

The  Chester  stone  is  a  rather  coarsely  granulated  gray  lime- 
stone of  the  lower  carboniferous  group,  and  is  quarried  in  the 
grounds  of  the  State  Penitentiary  at  Chester,  on  the  Mississippi 
River,  about  half  way  between  St.  Louis  and  Cairo. 

The  Joliet  stone  is  a  compact,  fine-grained  magnesian  lime- 
stone of  the  Niagara  series,  and  is  quarried  in  the  grounds  of  the 
State  Penitentiary  at  Joliet,  about  40  miles  southwest  of  Chicago. 
The  output  of  the  crusher  consists  of  28  per  cent  3-in.  stone,  53 
per  cent  2-in.,    and  17  per  cent  i  -in. 
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The  Kankakee  stone  is  a  coarse-grained  argillaceous  lime- 
stone of  the  Niagara  group,  and  is  quarried  at  Kankakee,  on  the 
Kankakee  River,  about  55  miles  south  of  Chicago. 

Divisions  of  the  Subject 

The  subject  will  be  considered  under  the  following  heads: 
I.  Specific  gravity;  II.  Absorptive  power;  III.  Percentage  of  voids; 
IV.  Settlement  in  transit;  V.  Weight  per  cubic  yard;  VI.  Coefficients 
for   determining  the  weight  of  crushed  stone. 

I.     Specific  Gravity 
A  knowledge  of  the  specific  gravity  of   a   stone   is   useful  in 
determining  the  per  cent  of  voids  in  broken  stone;  and  the   easi- 
est way  to  determine  the  weight  of  a  cubic  unit  of  solid   stone   is 
to  find  its  specific  gravity. 

Specific  gravity  =  WJ\W 

in  which  Wa  is  the  weight  of  a  fragment  weighed  in  air,  Ww  the 
weight  of  the  same  fragment  suspended  in  water.  If  the 
stone  is  porous  to  any  considerable  extent,  the  weight 
in  water  should  be  determined  so  quickly  that  the  absorption  dur- 
ing the  weighing  will  be  inappreciable. 

Samples  of  stone  were  collected  from  the  various  parts  of  the 
Joliet,  the  Kankakee,  and  the  Chester  quarries  which  were  being 
worked  to  produce  the  broken  stone  considered  in  the  later  parts 
of  this  paper.       The  values  of  the  specific  gravity  are  given  in 

Table  1. 

II.     Absorptive  Power 

A  knowledge  of  the  amount  of  water  absorbed  by  a  stone  is 
useful  in  determining  the  voids  by  the  method  of  pouring 
in  water,  and  is  also  useful  in  correcting  the  weight  of  wet  stone. 

The  absorption  was  determined  by  thoroughly  drying  a  speci- 
men, weighing  it,  immersing  it  in  water  for  96  hours,  drying 
with  blotting  paper,  and  weighing.  The  results  are  given  in 
Table  2.  . 

III.     Percentage  of  Voids 

The  per  cent  of  voids  in  broken  stone  of  different  sizes  has  an 
important  bearing  upon  the  amount  of  cement  and  sand  required 
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TABLE   1 
Specific  Gravity  of  Limestone 


Location 

Ref. 

of 

Specific 

Observer 

Position   in  Quarry 

No. 

Quarry 

Gravity 

1 

Joliet 

2.77 

Schafmayer 

Near  Center,  4  to  6  ft.  deep 

2 

" 

2.78 

" 

"                  "                              ((                       u 

3 

" 

2.70 

" 

25  ft.  W.  of  C,  4  ft.  to  6  ft. 
deep 

4 

a 

2.69 

" 

u            u                        a           a 

5 

" 

2.72 

" 

E. 

6 

" 

2.74 

" 

U                ((                                  ii                u 

7 

" 

2.71 

" 

N". 

8 

" 

2.70 

a 

u            u                        u           u 

9 

Mean 

2.63 

a 

s. 

2.71 

10 

Joliet 

2.74 

Bowling 

25  ft.  S.  of  C.  of  floor  30 Jt. 
deep 

11 

" 

2.68 

'k 

(<         a             it                a        (( 

12 

(< 

2.74 

(< 

At    "            "      " 

13 

" 

2.73 

" 

"     "             "      " 

14 

" 

2.69 

" 

25  ft.  N.       "           "      " 

15 

Mean 

2.70 

"           "        "            "      " 

2.71 

16 

Chester 

2.67 

Schafmayer 

~N.  end  over  25  ft.  deep 

17 

" 

2.58 

" 

50  ft.  S.  of  the  preceding, 
over  25  ft.  deep 

18 

k 

2.59 

" 

100"   " 

19 

" 

2.49 

" 

Center  near  top 

20 

" 

2.66 

" 

N.  end    "      " 

21 

»' 

2.50 

•' 

S.      "       "       " 

22 

Mean 

2.48 

Center     "      " 

2.57 

23 

Kankakee 

2.62 

Bowling 

S. end  at  top 

24 

" 

2.64 

" 

a       u      ((       (( 

25 

" 

2.65 

" 

"     "    20  ft.  deep 

26 

" 

2.65 

" 

"     "       "          " 

27 

" 

2.56 

" 

"     "    40  ft.      " 

28 

" 

2.56 

" 

"     "       "           " 

29 

u 

2.60 

" 

]ST.   "    at  floor 

30 

Mean 

2.62 

"     "      "    '' 

2.61 

6 
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in  making  concrete;  and  the  per  cent  of  voids  in  connection  with 
the  weight  of  a  unit  of  solid  stone  is  useful  in  determining  the 
weight  of  a  unit  of  volume  of  broken  stone. 

The  percentage  of  voids  may  be  determined  in  either  of  two 
ways:  (1)  by  pouring  in  water;  and  (2)  by  computation  from  the 
specific  gravity  and  the  weight  of  a  volume  of  broken  stone. 

1.  By  Pouring  in  Water.  Determine  the  weight  of  water  a 
given  vessel  will  contain,  then  fill  the  vessel  with  broken  stone, 
and  determine  the  weight  of  water  that  can  be  poured  into  the 

TABLE  2 
Absorptive  Power  of  Limestone 


Kind 
of 

Stone 

Weight 
in  lb. 

per 
cu.  ft, 

Absorption 

Ref. 

No. 

lb.  per 
cu.  ft, 

Per  cent 

by 
Weight 

Position  in  Quarry 

1 

Joliet 

170.6(3 

1.23 

0.72 

25  ft.  S.  of  C.  of  the  floor,  30 
ft.  deep 

2 

" 

166.98 

.79 

0.47 

"             "            " 

3 

" 

170.85 

.86 

0.50 

At    Center        "        " 

4 

u 

170.41 

1.25 

0.73 

•'        " 

5 

" 

167.61 

1.13 

0.68 

25    ft.    N. 

6 

Mean 

168.60 

1.28 

0.76 

"             "            "        '* 

169.18 

1.09 

0.64 

7 

Kankakee 

163.49 

1.87 

1.14 

S.  end  at  top 

8 

" 

164.92 

L.98 

1.20 

"      " 

9 

" 

L65.ll 

2.66 

1.61 

"     "    20  ft.' deep 

10 

" 

165.30 

2.81 

1.70 

(<     (<    .. 

11 

" 

159.81 

4.49 

2.81 

••      ••    4C  ft      •' 

12 

" 

159.68 

4.67 

2.92 

' 

13 

" 

162.24 

2.99 

1.84 

N.    "    at   floor 

14 

Mean 

163.73 

2.85 

L.74 

i.      (i 

163.04 

3.04 

1.84 

IT) 

<  Ihester 

L67.0 

.31 

16 

>• 

L65.8 

1 .  22 

.74 

17 

164.5 

L.89 

1.15 

•• 

L65.1 

i.:;» 

.SI 

18 

" 

161.5 

2.54 

1.57 

19 

" 

L61.5 

2.34 

i .  i;> 

20 

Mean 

164.2 

1.67 

1.01 
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interstices  of  the  broken  stone.  The  ratio  of  the  first  amount  of 
water  to  the  second  is  the  proportion  of  voids. 

In  this  method  three  sources  of  error  require  consideration. 
(a).  In  pouring  in  the  water,  part  of  the  contained  air  is  not  driv- 
en out;  and  therefore  the  resulting  per  cent  of  voids  is  too  small. 
The  error  from  this  source  may  be  reduced,  if  not  entirely  elimi- 
nated, by  pouring  the  stone  into  the  water;  but  this  procedure 
introduces  a  new  error,  since  the  stone  will  not  pack  to  the  same 
degree  as  in  the  ordinary  method  of  filling  a  vessel  or  bin  with 
broken  stone,  and  hence  the  result  of  pouring  the  stone  into  the 
water  will  also  give  too  large  a  per  cent  of  voids.  (&).  If  the 
stone  absorbs  water  during  the  test  the  apparent  percent  of  voids 
will  be  too  great,  (c).  If  the  vessel  has  a  wide  mouth,  as  almost 
necessarily  it  should  have,  there  will  be  a  likelihood  of  considerable 
error  in  telling  when  the  vessel  is  exactly  full  of  stone  and  also 
of  water.  The  resulting  error  may  make  the  per  cent  of  voids 
either  too  large  or  too  small. 

"I.  Bij  Computation.  Determine  the  weight  of  a  known  vol- 
ume of  broken  stone.  Compute  the  weight  of  an  equal  volume 
of  the  solid  stone  by  multiplying  the  known  volume  by  the 
weight  of  an  equal  volume  of  water  and  by  the  specific  gravity  of 
the  stone.  The  difference  between  the  weight  of  the  volume  of 
solid  stone  and  that  of  the  broken  stone  is  the  weight  of  stone 
equal  to  the  volume  of  the  voids.  The  ratio  of  this  weight  to  the 
weight  of  the  given  volume  of  broken  stone  is  the  proportion  of 
voids. 

This  method  is  subject  to  the  error  of  determining  when  the 
vessel  is  exactly  full  of  stone.  In  practice  it  is  more  complicated 
than  the  preceding  method,  but  it  is  more  exact. 

Table  3  gives  the  per  cent  of  voids  for  three  sizes  of  Chester 
limestone  determined  by  the  two  methods  referred  to  above,  by 
two  independent  observers  for  different  methods  of  filling  the  ves- 
sels with  broken  stone;  and  Tables  4  and  5  the  same  for  Joliet  and 
Kankakee  limestone,  respectively.  In  each  case  the  results  are 
corrected  for  the  absorption  of  the  stone.  Precautions  were  tak- 
en also  to  eliminate  absorption  by  the  walls  of  the  vessel  used. 
The  distance  of  drop  employed  in  filling  the  vessel  corresponded 
to  that  employed  at  the  time  in  loading  cars  of  broken  stone. 
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TABLE  3 

Percentage  of  Voids  of  Chester  Limestone 


c  — 

+3 

+3 

O  ^ 

c3 

c3     . 

o  — 

* 

o 

> 

Per  Cent  of  Voids 


By  Pour-  !  From 
ing  in  Specific 
Water      j  Gravity 


|-in.  Scr. 


2  in.-f-in. 


3  in.-2  in. 


-in.  Scr. 


|-in.  Scr. 


2  in.-,-in 

3  In. -2  in. 


By  Use  of  Vessel  Containing  27  cu.  ft. 


42.7 
41.5 
41.8 


ft.  drop 

2430 
2395 
2435 

3150 
3095 
3140 

720 
700 
705 

11.521 

11.20 
11.28 

Mean 

ft.  drop 

2320 
2375 

3110 
3165 

790 
790 

12.64 
12.64 

Mean 

ft.  drop 

2370 

2390 

3160 
3185 

790 
795 

12.64 
12.72 

Mean 

42.0 


46.8 
46.8 


46.8 


By  Use  of  Vessel  Containing  2.6  cu 


Shoveled 

226.5 
227.0 
216.5 

293 
293 
283 

66.5 
66.0 

66 . 5 

1.06 
1.06 
1.06 

Mean 

" 

214.5 
210.5 

286 
284 

71.5 
73.5 

1.14 
1.17 

Mean 

20  ft.  drop 

229.0 

293 

64.0 

1.025 

Shoveled 

20  It.  drop 

204.0 
237.0 

286 

306 

B2  0 

69.0 

1.31 
L.10 

Shoveled 
20  It.  (imp 

212.0 
245.0 

291 
313 

79.0 

68  ii 

L.265 

1.09 

43.9 
42.4 
43.8 


43.4 


46.4 

45.8 


46.1 


49.3 
41.3 
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TABLE  4 
Percentage  of  Voids  of  Joliet  Limestone 


+3 

CO 
CD 

CD 

C 
O 

DC 

O 

CD 

S3 

m 

Method 
of  Filling 

CD 

a 

0 

Za 

-J 

CD^ 

0  £ 

CD 

ta 

0 
43 

CD 

°g 

> 

Per  Cent  of  Voids 

O 

6 

By  Pour- 
ing in 
Water 

From 
Specific 
Gravity 

By  Use  of  Vessel  Containing  2.34  cu.  ft. 

1 
2 
3 

\-m..  Scr. 

8  ft.  drop 

208.75 
208.75 
207.75 

270.75 
271.25 

270.25 

62.00 
62.50 
62.50 

0.99 
1.00 
1.00 

Mean 

42.3 
42.7 
42.7 

47.6 
47.6' 
47.9 

42.6 

47.7 

4 
5 

6 

7 

2  in.-i-in. 

8  ft.  drop 

u 

218.75 
221.75 
218.50 
220.00 

285.75 
288.50 
285.75 
286.75 

67.00 
66.75 
67.25 
66.75 

1.07 
1.07 

1.08 
1.07 

Mean 

45.8 
45.6 
45.9 
45.6 

45.1 
44.3 
45.1 
44.8 

45.7 

44.8 

8 

9 

10 

11 

3  in.-2  in. 

8  ft.  drop 

227.25 
219.25 
222.25 

212.00 

291.75 

287.75 
290.25 

282.25 

64.50 

68.50 
68.00 
70.25 

1.03 
1.10 
1.09 
1.12 

Mean 

44.1 
46.8 
46.5 

48.0 

43.0 
45.0 
44.2 
46.8 

46.3 

44.7 

12 
13 
14 
15 

i-in.   Scr. 

4  ft.  drop 

u 
l< 

215.75 

218.75 
209.25 
208.25 

276.00 
279.25 
273.00 
272.25 

60.25 
60.50 
63.75 
64.00 

0.96 
0.96 
1.02 
1.02 

Mean 

41.1 
41.3 
43.5 
43.7 

45.8 
45.1 
47.5 

47.7 

42.4 

46.5 

16 
17 

18 
19 
20 

2  in.-Hn. 

4  ft.  drop 

203.00 
209.75 
209.75 
212.25 
213.25 

277.25 

283.25 
282.75 
283.75 
284.00 

74.25 
73.50 
73.00 
71.50 
70.75 

1.19 
1.15 
1.17 
1.14 
1.13 

Mean 

50.7 
50.2 
49.9 

48.8 
48.3 

49.0 
47.4 
47.4 
46.7 
46.5 

49.6 

47.4 

21 

3  in. -2  in. 

4  ft.  drop 

221.25 

291.25 

70.00 

1.12 

47.8 

44.5 

By  Use 

of  Vessel  Containing  2.4^ 

cu.  ft. 

22 
23 
24 

3  in.-2  in. 

4  ft.  drop 

211.25 
216.25 

212.75 

287.75 
289.25 
285.75 

76.50 
73.00 
73.00 

1.22 
1.17 
1.17 

Mean 

50.4 
48.1 
48.1 

49.0 

47.7 
48.6 

48.6 

47.5 
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TABLE  5 
Percentage  of  Voids  of  Kankakee  Stone 


+3 
CO 

0) 

H 
o 
6 

a 

O 
QQ 
O 

SJ 
33 

bo 

o  a 

©    fc 

o 

© 

o 

© 

!> 

Per  Cent  of  Voids 

By   Pour- 
ing in 
Water 

From 
Specific 
Gravity 

By  Use  of  Vessel  Containing  2.11  cu.  ft. 

1 
2 
3 
4 

f-in.  Scr. 

8  ft,  drop 

189.50 
192.25 
186.00 
183.25 

242.75 
244.75 
237.50 
235.25 

53.25 
52.50 
51.50 
52.00 

0.85 
0.84 
0.82 
0.83 

Mean 

40.3 
39.7 
39.0 
39.3 

45.9 
45.1 
46.8 
47.6 

39.5 

46.4 

5 
6 

lHn.-|-in. 

8  ft.  drop 

193.50 
197.50 

253.50 
258.00 

60.00 
60.50 

0.96 
0.97 

Mean 

45.4 

45.8 

44.7 
43.6 

45.6 

44.2 

7 
8 

2i-in.-U-in. 

8  ft.  drop 

196.50 
197.50 

258.50 

258.75 

62.00 
61.25 

0.99 
0.98 

Mean 

46.9 
46.4 

43.9 
43.6 

46.6 

43.8 

9 
10 

2i-in.-Hn. 

8  ft.  drop 

202.25 
201.50 

260.50 
260.50 

58.25 
59.00 

0.93 
0.94 

Mean 

44.1 
44.6 

42.2 
42.4 

44.4 

42.3 

By  Use  of  Vessel  Containing  1. 

15  cu.  ft. 

11 
12 

§-in.  Scr. 

8  ft.  drop 

100.00 
103.75 

129.25 
132.75 

29.25 
29.00 

0.47 
0.46 

Mean 

40.9 
40.5 

47.5 
45.6 

40.7 

46.6 

13 

14 

U-in.-Hn. 

8  ft.  drop 

104.25 
104.50 

137.50 
L36.75 

33.25 
32.25 

0.53 
0.52 

Mean 

46.5 

45.1 

45.4 
45.2 

45.8 

45.3 

15 
16 

2.J-in.-f-in. 

8  ft.  drop 

106.50 
109.00 

138.25 

140.50 

31.75 
31.50 

0.51 
0.50 

Mean 

II.  1 
44.0 

44.1 

42.  S 

44.2 

43.5 

BAKER — WEIGHT    OF    CRUSHED    STONE 
TABLE  5  (Continued) 


11 


+3 

<x> 

a 

o 

w 

(M 

o 

fcJD 

O     ^ 

1  5 

o 

c 
o 

O  ^ 

o 

££ 

«4-l       . 

O  p 

.  o 

O 
> 

Per  cent  of  Voids 

o 
6 

By  Pour- 
ing in 
Water 

From 
Specific 
Gravity 

17 

18 

|-in.  Scr. 
2Hn.-U-in. 

i  Use  of  V 
8  ft.  drop 

8  ft.  drop 

essel  C 

63.00 
63.50 

65.25 
66.50 

ontair 

79.75 
80.25 

85.25 
86.25 

lingO. 

16.75 
16.75 

20.00 
19.75 

694  cu. 

0.27 
0.27 

Mean 

0.32 
0.31 

Mean 

ft. 

38.5 
38.5 

45.5 
45.1 

19 
20 

38.5 

45.9 
45.4 

45.3 

43.6 
42.5 

45.6 

43.0 

Precautions  were  taken  to  prevent  absorption  of  water  by 
bhe  sides  of  the  vessel;  and  it  is  believed  that  there  is  no  possi- 
bility of  error  from  this  source  in  the  data  given  in  Tables  3,  4, 
and  5.  In  some  of  the  experiments  the  vessel  containing  the 
stone  was  hauled  from  the  chute  to  the  scales  on  a  wagon;  and  to 
eliminate  a  possibility  of  error  in  weighing,  the  team  was  unhitched 
while  the  weight  was  being  taken. 

Notice  that  the  first  part  of  Table  3  shows  the  percentage  of 
voids  for  the  different  sizes  of  stone;  while  the  second  shows  the 
variation  due  to  the  different  methods  used  in  filling  the  tub.  An 
inspection  of  the  table  shows  that  with  each  vessel  the  voids  in- 
crease with  the  size  of  the  stone.  It  also  shows  that  for  both  ves- 
sels the  average  percentages  are  fairly  uniform,  the  greatest  vari- 
ation being  in  the  case  of  the  3-in.  (3-in.  to  2-in.)  stone.  In  com- 
paring the  tests  in  which  the  15-  and  20-ft.  drops  were  used,  the 
stone  falling  20  feet  invariably  has  a  smaller  percentage  of  voids 
than  that  falling  only  15  feet.  The  lower  part  of  the  table  shows 
that  the  voids  were  very  materially  less  for  the  same  size  of  stone 
when  the  tub  was  filled  by  the  20-ft.  drop,  than  when  the 
stone  was  shoveled  in.  These  data  show  clearly  that  the  density 
increases  with  the  fall.     However,  the  tests  were  not  sufficient  in 
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number  to  justify  an  attempt  to  deduce  a  statement  of  the  relation 
of  the  height  of  fall  to  the  density  of  the  mass. 

A  comparison  of  the  results  in  the  last  two  columns  of  Table 

3  shows  that  for  screenings  the  method  by  pouring  in  water  gives 
a  considerably  smaller  per  cent  of  voids  than  by  computation, 
while  for  the  2-in.  (2-in.  to  f-in.)  and  the  3-in.  (3-in.  to  2-in.) 
sizes  there  is  practically  no  difference  by  the  two  methods.  Sub- 
stantially the  same  conclusions  may  be  drawn  from  Tables  4  and  5. 

Summary  of  Voids: — A  summary  of  the  results  in  Tables  3, 

4  and  5  is  given  in  Table  6. 

TABLE  6 
Summary  op  Per  Cent  of  Voids 


Location 

of 

Quarry 

Size  of  Stone 

Per  Cent  of  Voids 

Ref. 
No. 

By  Pour- 
ing in 
Water 

From 
Specific 
Gravity 

1 
2 
3 
4 

Chester 

<< 

f  in.  Scr. 

1  in.  Scr. 

2  in.  to  |  in. 

3  in.  to  2  in. 

40.9 
43.0 
46.6 
46.1 

46.8 
45.6 
46.6 
45.1 

5 

6 

7 

Joliet 

\  in.  Scr. 

2  in.  to  \  in. 

3  in.  to  2  in. 

42.2 
47.9 

4T.:> 

47.1 
46. 2 
46.1 

8 
9 

10 
11 

Kankakee 

|  in.  Scr. 
1}  in.  to  g  in. 
2£  in.  to  g  in. 
2£  in.  to  H  in. 

39.6 

44.3 
46.2 

46.1 
44.7 
42.9 

43.4 

IV.     Settlement  of  Crushed  Stone  in  Transit 

Sometimes  crushed  stone  is  bought  by  bulk,  in  which  case  it 
may  make  a  difference  whether  the  volume  is  measured  at  the  be- 
ginning or  at  the  end  of  the  journey.  Therefore  experiments 
were  made  to  determine  the  settlement  of  crushed  stone  during 
transit  in  wagons  and  also  in  railway  cars. 

Settlement  in  Wagons: — Observations  were  first  made  to 
determine  the  relation  between  the,  settlement  in  wagons 
and  the  distance  hauled.  An  attempt  was  made  to  de- 
termine   the     amount     of    settlement    for     regular     increments 
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in  the  distance  hauled.  This  was  done  by  stopping  the 
team  and  taking  a  measurement  each  successive  100  feet  until 
the  settlement  for  that  distance  was  too  small  to  measure.  The 
measurements  in  all  cases  were  taken  by  using  two  straight 
edges,  one  placed  across  the  top  of  the  box  and  the  other  resting 
on  the  top  of  the  stone.  Then  as  both  straight  edges  were  of  the 
same  width,  each  measurement  was  taken  from  the  top  of  the 
upper  one  to  the  top  of  the  lower  one.  Measurements  were  taken 
near  each  side  and  on  the  center  line,  near  the  front,  middle,  and 
back  of  the  load,  making  a  total  of  nine  measurements  for  each 
load. 

The  data  for  Chester  limestone  are  given  in  Table  7.  The 
results  vary  surprisingly, — for  example,  compare  tests  No.  2  and 
3,  or  7  and  8,  or  13  and  14.  The  haul  was  over  about  equal  distances 
on  macadam,  cinders,  and  earth.  The  results  were  obtained 
within  a  day  or  two  of  each  other,  and  it  does  not  seem  possible 
that  the  smoothness  of  the  roads  could  have  changed  materially 
in  the  meantime.  An  attempt  was  made  to  drive  equally  care- 
fully every  time.  About  the  only  safe  conclusions  that  can  be 
drawn  from  these  data  are:  (l)  about  half  of  the  settlement  oc- 
curs in  the  first  100  feet;  and  (2)  the  settlement  at  half  a  mile  is 
practically  the  same  as  that  at  a  mile. 

TABLE  7 

Effect  of  Distance  Hauled  upon  Settlement  in  Wagon 

Experiments  on  Chester  Limestone  by  Mr.  Schafmayer 


Per  Cent  of  Settlement  for 

Hauls  of — 

Test 

Size  of 

Method  of 

feet 

No.* 

Stone 

Loading- 

100 

1 
200 1  300 

I 

400 

500 

600 

700 

2640 

5280 

3 

f  in.  Scr.t 

15  ft.  drop 

7.3 

8.3 

8.9 

9.2 

9.5 

10.1 

10.1 

11.2 

11.2 

4 

" 

" 

5.0 

9.7 

10.2 

10.2 

10.4 

10.4 

10.7 

12.4 

6 

2  in. -| in. 

15  ft.  drop 

2.6 

3.7 

4.9 

5.3 

5.3 

5.3 

5.4 

5.4 

5.4 

7 

" 

" 

5.3 

6.2 

7.1 

7.7 

7.9 

8.0 

8.3 

9.2 

9 

" 

Shoveled 

3.5 

4.1 

4.8 

5.3 

5.3 

5.7 

6.5 

7.3 

11 

3  in. -2  in. 

15  ft.  drop 

0.57 

2.6 

2.8 

4.1 

4.25 

4.25 

4.25 

4.9 

4.9 

12 

" 

u 

3.5 

4.2 

4.5 

4.8 

5.0 

5.0 

5.1 

6.0 

6.0 

14 

Shoveled 

5.0 

5.7 

6.53 

6.53 

6.7 

6.7 

6.7 

7.1 

7.1 

*Tliese  numbers  refer  to  the  series  in  Table  8. 
tDusty. 
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The  per  cent  of  settlement  of  stone  from  three  different  lo- 
calities for  a  haul  of  practically  one  mile  is  given  in  Table  8;  but 
the  variation  for  any  one  size  under  identically  the  same  condi- 
tions (for  example,  compare  the  first  three  lines  of  the  table)  is  so 
great  as  not  to  warrant  any  attempt  to  draw  conclusions.  It  was 
not  possible  to  secure  more  accurate  data  except  by  an  expendi- 
ture of  time  and  money  much  greater  than  the  value  of  the  infor- 
mation seemed  to  justify. 

Settlement  in  Cars: — The  shortage  of  cars  at  the  time 
these  experiments  were  made  and  the  desire  of  the  shipper 
and  also  of  the  railway  to  hurry  shipments  forward 
seriously     interfered     with     the     scope    and     value     of     these 

TABLE  8 
Settlement  of  Crushed  Stone  in  Transit  in  Wagons 


II 


£  J 


o£ 

^  a> 

bxD^-C 

*j~"^ 

a  g 

"C  o  >:■ 

c  P  "/ 

^  53 

o>* 

E>g 

^73 

J-  4^ 

0)   0) 

03  O 
33  » 


— 

0) 

= 

- 

V. 

- 

- 

+3 

= 

X 

~ 

10 

11 

L2 
13 

14 


Chester  Limestone  by  Mr.  Schafmayer 


15  ft.  drop 

1.41 

15  ft.  drop 

1.41 

" 

1.41 

1.41 

15  ft.  drop 

1.41 

" 

1.41 

" 

1.41 

Shoveled 

1.11 

1.41 

L5  ft.  drop 

1.41 

1.41 

'* 

1.41 

Shoveled 

1.41 

1.41 

1.23 

1.25 
1.25 
1.23 


12.7 

11.4 
11.4 

12.7 


Mean 

11.8 

1.25 

11.4 

1.33 

5.7 

1.28 

9.2 

1 .  23 

r_\7 

1.31 

7.1 

Mean 

9.2 

1.27 
1.34 
1 .  32 
1.23 
1.31 


10.1 
4.!) 
6.4 

12.7 
7.1 


Mean     8.2 


Hn.  Scr. 
|-in.  Scr. 


2-in.-i  in. 


3-in. 


Same  for  \  mile 

Mostly  dust 
Same  for  i  mile 

Stone  dusty, wet 


Same  for  2  miles 
Same  for  \  mile 

Same  for  $  mile 
Stone  damp 


a  few  bailings 

Same  for  1    mile 

A  few  tailii 
Same  for  |  mile 

Stone  dirty 
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4-3       . 

bo 

V  B 

O      rg 

-t-3     o 

o 

Orig. 

Vol. 

cu.  yd. 

Final 

Vol. 

cu.  yd. 

■*3    03 
03   03 

03  O 

s:  4^ 

03 

5 

a 

03 

Kankakee  Limestone  by  Mr.  Bowling 

15 
16 

* 
* 

1.80 
1.61 

1.61 
1.46 
Mean 

10.6 
9.3 

f-in.  Scr. 

1 
1 

Chute  at  incline 
of  30° 

U                  ((                 (« 

10.0 

17 

18 

* 
* 

1.80 
1.61 

1.67 
1.45 

Mean 

7.2 
9.9 

li  in.-f-in. 

1 
If 

((            ((           (( 
((            ((           (1 

8.6 

Joli( 

it  Limestone 

by  Mi 

r.  Bowling 

19 
20 

4  ft.  drop 

1.81 

1.86 

1.66 
1.69 

8.3 
9.1 

|-in.  Scr. 

1 
1 

Chute  at  incline 
of  45° 

a            <  t           u 

21 

«< 

1.81 

1.63 
Mean 

9.9 
9.1 

a 

* 

(<             ((           (( 

22 

4  ft.  drop 

1.81 

1.69 

6.6 

2  in.-i-in. 

* 

a            a           a 

23 

1.79 

1.67 
Mean 

6.7 
6.6 

2  in.-Hn. 

i 

*  Lower  end  of  chute  even  with  top  of  wagon  bed. 

experiments.  (See  Table  9).  It  will  be  noticed  that  the 
settlement  varies  greatly  for  stone  of  the  same  size,  loaded 
the  same  day,  and  shipped  to  the  same  destination  on  the 
same  train, — for  example,  compare  the  second,  third  and  fourth 
lines  of  the  table.  The  settlement  was  measured  by  the  same 
method  as  previously  described  for  wagons,  and  was  as  carefully 
determined  as  possible  by  that  method.  Part  of  the  error  is  doubt- 
less due  to  a  variation  in  the  freedom  with  which  the  crushed  stone 
ran  out  of  the  loading  chute,  and  to  a  variation  in  the  details  of 
the  method  employed  in  leveling  off  the  load. 
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TABLE  9 

Settlement  of  Crushed  Stone  in  Transit 
in  Kail  way  Cars 


c 

x 

43       • 

o      « 

i2     ° 

Tl  Q  «M 

o     2  c 
O '-  -  » 

— 

■S'S  5 

o 

! 

DO 

Q 

E  o    - 

Joliet  Limestone  by  Mr.  S 

Schafmayer 

1 

8  ft.  drop 

2.4 

2.4 

0.0 

|-in.  Scr. 

Springfield 

149 

2 

8  ft.  drop 

2.4 

2.2 

8.3 

ii 

McLean 

105 

3 

a           ti 

2.0 

1.75 

12.5 

u        i. 

" 

" 

4 

a          a 

2.6 

2.3 
Mean 

8.3 
9.7 

.. 

5 

8  ft.  drop 

2.1 

2.08 

1.4 

2  in.-Hn. 

Springfield 

149 

6 

2.2 

1.9 

Mean 

13.9 

u           u 

ii 

7.6 

7 

8  ft.  drop 

2.3 

2.1 

8.7 

(1           11 

McLean 

105 

8 

(<        (< 

2.2 

1.9 

13.9 

II         II 

.. 

•• 

9 

it           u 

2.7 

2.5 

7.4 

II         II 

" 

" 

10 

II        11 

2.6 

2.33 

9.7 

II          (I 

" 

" 

11 

2.6 

2.4 
Mean 

7.7 

" 

» 

12 

8  ft.  drop 

2.6 

2.5 

3.8 

3  in. -2  in. 

Springfield 

149 

13 

u        it 

4 

2.6 

2.3 
Mean 

10.5 

" 

7.2 

14 

8  ft.  drop 

2.2 

1.95 

11.4 

i<        ii 

McLean 

105 

15 

• 

3.2 

3.1 

3.4 

»i 

*' 

16 

'        " 

2.1 

2.0 

5.0 

II                 4. 

" 

17 

i        it 

2.7 

2.35 

12.9 

((                 (( 

" 

18 

<        ii 

2.7 

2.6 

3.7 

II                 II 

19 

1        " 

2.2 

2.2 

0.0 

II                 l( 

. . 

20 

(        H 

3.33 

3.6 

9.0 

II 

" 

21 

<        ii 

2.3 

2.05 

L0.8 

l( 

" 

22 

«        ii 

2.7 

2.5 

7.4 

" 

<  < 

tt 

23 

<        ii 

2. 7 

2.45 

9.2 

II                 II 

" 

24 

i        ii 

2.7 

2.4 

11.1 

(1                 1. 

' ' 

ii 

25 

'           u 

2.6 

2.35 

9.6 

II                 {( 

" 

26 

it        it 

2.2 

2.0 

Mean 

9.1 
10.2 

<( 
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43 

ginal 
epth 
Load 

eet 

_hT5 

a 

nal 
epU 
Loa 
eet 

o 

+3 

+3 

fl 

5P  = 

S^o 

a 

!  b  o 

!        += 


Joliet  Limestone  by  Mr.  Bowling 

8  ft.  drop        2.37         2.17  8.4      i-in.  Scr. 

2  in.-i-in. 


2.37 

2.17 

8.4 

2.52 

2.80 

2.31 

2.62 

8.3 
6.4 

Mean 

7.4 

2.57 

2.37 

7.8 

3  in.-2  in. 


Chester  Limestone  by  Mr.  Schafmayer 


Bloom'ton 


15  ft.  drop 


Barrows 

15  ft.  drop 

Barrows 


3.00 
2.75 
2.50 

2.7 
2.4 
2.25 

9.5 

12.5 
9.8 

Mean 

10.6 

2.67 
3.00 

2.58 

2.58 

2.7 

2.33 

Mean 

3.4 
9.5 

8.2 

7.0 

f-in.  Scr. 


3  in.-2  in. 


Springfield 


Kankakee  Limestone  by  Mr.  Bowling 
8  ft.  drop        2.27         2.15  5.4      2£  in.-f  in.     Bloom'ton 


91 


180 


It  is  probable  that  part  of  the  difference  is  due  to  the 
difference  in  the  care  employed  in  switching  the  car  from  the  load- 
ing chute.  At  Joliet  the  cars  were  switched  about  a  mile  from  the 
crusher  to  the  yards  in  the  city,  to  be  weighed;  and  at  the  time  they 
were  weighed  a  casual  examination  was  made  of  the  settlement, 
and  the  conclusion  was  drawn  that  from  i  to  i  of  the  total  settle- 
ment took  place  while  the  cars  were  being  switched.  The  cars 
were  continually  being  moved  while  they  were  in  the  yard,  and 
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hence  more  accurate  observations  could  not  be  made  as  to  the 
effect  of  switching  upon  the  settlement.  The  distance  from 
Joliet  to  McLean  is  105  miles,  and  apparently  a  further  haul  of 
44  miles  to  Springfield  did  not  materially  increase  the  settlement. 
The  great  variations  in  results  obtained  under  seemingly  like 
conditions  make  it  unwise  to  attempt  to  draw  any  conclusions. 
Apparently  more  tests  must  be  made  before  any  reliable  conclu- 
sion can  be  stated  concerning  the  total  amount  of  the  settlement 
or  the  law  of  its  variation. 

The  depth  of  load  in  Table  9  is  the  mean  of  nine  separate 
measurements,  and  was  computed  to  the  nearest  hundredth  of  a 
foot  although  it  is  recorded  only  to  the  nearest  tenth.  The  more 
accurate  values  were  employed  in  computing  the  per  cent  of  settle- 
ment. However,  to  eliminate  any  possibility  of  error  in  the  arith- 
metical work,  the  per  cent  of  settlement  was  computed  to  a  great- 
er number  of  places  than  is  justified  by  the  data.  A  similar  state- 
ment applies  to  several  of  the  tables  in  the  subsequent  parts  of  this 
paper. 

Summary  of  Data  on  Settlement: — A  summary  of  the  data  in 
Tables  8  and  9  is  given  in  Table  10. 

TABLE  10 
Summary  of  Data  on  Settlement 


Ref. 

No. 

Location 

of 

Quarry 

Size 

of 

Stone 

Settlement  after  a 
Haul  of 

\   mile  or 
more  in 
wagons 

75  miles  or 

more  in 

cars 

1 

Chester 

l< 

Joliet 
Kankakee 

Mn.  Scr. 
t-  " 

2  in. -|  in.  Scr. 

3  in. -2  in.     " 

\  in.  Scr. 
ii 

2  in.      in.  Scr. 

2  in.-J    "      " 

3  in.  1!  in. 

[    in.  Scr. 

11  in.   \  in.  Scr. 

•1\   in.    |     •'       " 

L2.1 

11.8 
9.2 
8.2 

9.1 

"V;  .';" 

2 
3 

10.6 

4 

5 
6 

7 
8 

7.0 

8.4 
9.1 

7.4 

10 

10. 0 

7.8 

11 

12 

5 .  -1 
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V.     Weight  Per  Cubic  Yard  of  Crushed  Limestone 

Broken  stone  is  usually  sold  by  weight  even  though  the  unit 
is  nominally  the  cubic  yard,  since  it  is  the  custom  to  determine 
the  number  of  cubic  yards  in  a  shipment  by  weighing  the  ship- 
ment and  dividing  the  total  weight  by  the  supposed  weight  of  a 
cubic  yard.  It  does  not  appear  that  any  adequate  observations 
have  been  made  bo  determine  the  weight  of  a  unit  of  volume  of 
the  different  sizes  and  kinds  of  crushed  stone. 

Tests  to  determine  the  weight  of  a  unit  of  volume  of  crushed 
limestone  were  made  on  stone  from  Joliet,  Kankakee,  and  Chester, 
both  in  wagons  and  in  cars,  at  the  same  time  the  record  was  taken 
of  the  settlement,  as  previously  described. 

Before  beginning  to  load  a  car,  measurements  were  taken 
from  a  straight  edge  laid  on  top  of  the  car  body  to  the  floor  of 
the  car.  These  measurements  were  taken  on  each  side  of  the  car 
and  at  the  center  transversely,  and  at  each  end  and  the  middle 
longitudinally.  The  stone  was  loaded  into  the  cars  by  means  of 
a  chute  in  the  bottom  of  the  bin.  After  the  car  was  loaded  the 
upper  surface  was  leveled  off,  and  the  depth  of  the  stone  below 
the  top  of  the  car  body  was  determined  by  measuring  down  from 
a  straight  edge  across  the  top  of  the  car  to  a  similar  straight 
edge  lying  on  the  crushed  stone.  From  the  above  measurement 
the  volume  of  the  stone  was  computed. 

The  cars  were  then  switched  to  the  scale  track  where  they 
were  weighed  by  a  representative  of  the  National  Weighing  Asso- 
ciation, each  weight  being  verified  by  either  Mr.  Schafmayer  or 
Mr.  Bowling.  From  these  data  the  weight  per  cubic  yard  of  the 
loose  stone  was  computed.  Measurements  similar  to  those  made 
at  the  crusher  were  taken  when  the  car  reached  its  destination; 
and  the  weights  per  unit  of  volume  of  the  stone  when  compacted 
were  computed  as  before. 

The  data  and  results  of  the  observations  on  Joliet,  Chester, 
and  Kankakee  stone  are  given  in  Tables  11,  12  and  13  respectively. 
For  car  loads,  the  "original  weight"  is  after  the  car  was 
switched  about  a  mile,  and  the  "final  weight"  is  after  being 
shipped  75  miles  (a  greater  distance  makes  practically  no  differ- 
ence); and  for  wagon  loads  the  weights  are  at  the  loading  bin  and 
after  being  hauled  a  half  mile  or  more. 
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TABLE    11 
Weight  Per  Cubic  Yard  of  Joliet  Limestone 


-t-3   • 

tt  o 

o  a> 

Original 
No.  of 
cu.  yd. 

1! 

I  Original 

i..  lit.  per 
cu.  yd. 

'inal  Wt. 
lb.  per 
cu.  yd. 

t/3 

Ed  o 

£ 

* 

Car  Loads  by  ] 

Mr.  Schafi 

nayer 

1 

|-in.  Scr. 

94500 

36.0 

36.0 

2625 

2625 

2 

" 

75500 

28.9 

2612 

3 

" 

94400 

34.6 

31.7 

2730 

2980 

4 

k 

54700 

20.9 

18.2 

2610 

3000 

5 

u 

96900 

36.2 

33.2 
Mean 

2680 

2920 

2652 

2881 

6 

2  in.-f-in. 

78700 

30.6 

30.2 

2570 

2600 

7 

" 

69700 

31.5 

27.1 

2210 

2570 

8 

" 

58500 

24.8 

22.7 

2360 

2580 

9 

(< 

54300 

23.6 

20.3 

2300 

2680 

10 

a 

67500 

31.0 

29.1 

2180 

11 

(( 

82600 

37.5 

34.0 

2200 

2430 

12 

((  . 

84400 

37.5 

34.8 
Mean 

2250 

2430 

2296 

2516 

13 

3  in. -2  in. 

92400 

36.6 

35.2 

2520 

202m 

14 

" 

52700 

23.0 

2290 

15 

'« 

102300 

42.0 

40.6 

2440 

2620 

16 

(< 

78600 

31.8 

2470 

17 

" 

63050 

25 . 2 

23.6 

2500 

20Td 

18 

" 

66600 

27.7 

24.3 

2380 

2740 

19 

a 

88600 

38.6 

37.4 

2300 

2370 

20 

a 

76800 

31.6 

31.6 

2400 

2400 

21 

a 

94800 

41.4 

37.7 

2290 

2520 

22 

(< 

69000 

30.0 

26.4 

2300 

2610 

23 

<< 

87900 

38.8 

36.0 

2270 

2440 

24 

(i 

88300 

38.8 

35.4 

2275 

2490 

25 

(( 

86900 

38.8 

34.8 

2240 

2500 

26 

" 

72800 

82.2 

28.8 

2200 

2530 

27 

u 

SSL'iHI 

36.5 

2420 

28 

« 

91000 

37.2 

2426 

29 

(1 

91300 

37.5 

33.9 

2430 

30 

(1 

76800 

31.3 

28.5 
Mean 

2450 

2700 

2370 

2564 
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Weight  Per  Cubic  Yard   of  Joliet  Limestone 
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-1-3       • 
CC    O 

EH* 

<D  O 

Original 
No.  of 
cu.  yd. 

Original 

Wt.  lb.  per 

cu.  yd. 

Final  Wt. 
lb.  per 
cu.  yd. 

Car  Loads  b 

y  Mr.  Bov 

ding 

31 

\An.  Scr. 

83800 

31.52 

28.85 

2659 

2905 

32 

33 

2  in.-^-in. 

82800 
79600 

34.40 
33.64 

31.82 

30.82 

Mean 

2407 
2366 

2602 

2583 

2386 

2592 

34 

3  in. -2  in. 

Wagons  Loade 

58300 
d  by  Mr. 

26.47 
Bowling 

24.37 

2202 

2392 

35 
36 
37 

i-in.  Scr. 

4195 
4260 
4165 

1.81 
1.86 

1.81 

1.66 
1.69 
1.63 

Mean 

2318 
2290 
2301 

2527 
2521 
2555 

2303 

2533 

38 
39 

2  in.-l-in. 

4185 
4150 

1.81 
1.79 

1.69 
1.67 

Mean 

2312 

2318 

2476 
2485 

2315 

2480 

It  will  be  noticed  that  there  is  considerable  variation  in  both 
the  original  and  the  final  weight  per  cubic  yard.  Notwithstand- 
ing the  variation  it  is  believed  that  the  number  of  observations  is 
so  great  as  to  make  the  means  reasonably  reliable;  but  the  table 
shows  that  the  maximum  error  of  any  one  observation  may  be  as 
much  as  10  per  cent,  and  hence  great  accuracy  can  not  be  expected 
from  a  single  observation.  Similar  results  are  shown  for  Chester 
stone, — see  Table  12.  There  are  three  errors  that  affect  these 
results:  (1).  Errors  in  determining  the  value  of  the  stone  at  the 
quarry  and  at  the  destination.  (2).  Errors  in  the  weight  of  the 
car  as  stenciled  upon  it.     The  original  weight  may  have  been  de- 


22 


ILLINOIS   ENGINEERING    EXPERIMENT    STATION 


TABLE  12 
Weight  per  Cubic  Yard  of  Chester  Limestone 


*~*  a>     . 

CD 

43    . 

CO   0 

cd 
CD.      fl 

c    . 

go's 

2  c^t: 

??=  = 

0£ 

*0 

.Remarks 

Car  Lo 

ad  by  Mr.  Schafmayer 

1 

|-in.  Scr. 

109100 

41.97 

38.0 

2600 

2870 

Damp 

2 

" 

70600 

28.14 

24.6 

2509 

2870 

3 

92900 

36.72 

33.1 
Mean 

2530 

2810 

2546 

2850 

4 

3  in.-2  in. 

96500 

41.60 

38.2 

2320 

2530 

Hand  made 

5 

(< 

81500 

32.91 

31.8 
Mean 

2476 

2560 

Damp 

2398 

2545 

6 

3  in.-2  in. 

106100 

41.97 

38.0 

2528 

2790 

Wet 

Wagon  L 

oads  b 

y  Mr. 

Schafn 

layer 

7 

|-in.  Scr. 

3550 

1.41 

1.23   2518 

2886 

15  ft.  drop 

8 

" 

3550 

1.41 

1.25   2518 

2840 

15  ft.  drop 

9 

" 

3460 

1.41 

1.25    2450 

2770 

15  ft.  drop 

10 

(< 

3420 

1.41 

1.23    2425 

2780 

15  ft.  drop 

11 

" 

2430 

1.00 

|  2430 

No  haul,  15  ft.  drop 

12 

(i 

2395 

1.00 

2395 

Xo  haul,  15  ft.  drop 

13 

a 

2435 

1.00 

Mean 

2435 

No  haul,  15  ft.  drop 

2453 

2819 

14 

2  in.-|-in. 

3360 

1.41 

1.28 

2380 

2625 

15  ft.  drop 

15 

" 

3250 

1.41 

1.23 

2305 

2642 

Shoveled 

16 

" 

3460 

1.41 

1.33 

2450 

2600 

15  ft.  drop 

17 

11 

3200 

1.41 

1.31 

2270 

2445 

Shoveled 

18 

a 

2375 

1.00 

237.-) 

Xo   haul,  lo  ft.  drop 

19 

" 

2320 

1.00 

2320 

No  haul,  15  ft.  drop 

20 

it 

3250 

1.41 

1.25 
Mean 

2305 

2600 

No  haul,  15  ft.  drop 

2444 

2582 

21 

3  in. -2  in. 

3200 

1.41 

1.23 

2270 

2601 

Shoveled 

22 

•' 

3330 

1.41 

1.;;;; 

2300 

2505 

15  it.  drop 

23 

(< 

2390 

1.00 

2390 

No  haul,  15  ft.  drop 

24 

<( 

3480 

1.11 

1.34 

217<> 

2595 

15  It.  drop 

25 

a 

3290 

1.11 

i.;;i 

2:;:;:. 

2510 

Tart    dirt,    shoveled 

26 

(< 

2370 

1.00 

2370 

No  haul.  15  It.  drop 

27 

(( 

3350 

1.11 

1.27 
Mean 

2376 

2638 

15  ft.  drop 

2367 

2570 
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termined  when  the  car  was  wet;  while  in  the  observations  under 
consideration  the  cars  were  dry.  (3).  In  weighing  a  string  of 
cars,  either  empty  or  loaded,  there  is  some  error  due  to  the  action 
of  the  coupler. 

Table  11  shows  that  the  weight  per  cubic  yard  of  screenings 
is  more  than  that  of  coarser  stone,  but  also  shows  that  3-in.  stone 
weighs  more  per  cubic  yard  than  2-in.  Similar  results  obtained 
for  wagon  loads,  and  also  for  Chester  and  Kankakee  stone,  both 
for  car  loads  and  for  wagon  loads — see  Tables  12  and  13. 

TABLE  13 
Weight  per  Cubic  Yard  of  Kankakee  Limestone 


S3 

«H 

jO^ 

T3 

6 

o 
+3 

m 

o 

ox5 

6ni 

6 

c3  tn 

in 

a 

0) 

<v  p 

TJ  o 

1° 

■r-i     O) 

m 

o 

5 

oa 

5 

Car  Load  by  Mr.  Bowling 

1 

2i  in.-f-in. 

62900 

27.83 

26.32 

2260 

2390 

Wagon  Loads  by  Mr.  Bowling 

2 

f-in.  Scr. 

4085 

1.80 

1.61 

2270 

2537 

3 

4170 

1.61 

1.46 
Mean 

2590 

2856 

2430 

2697 

4 

H  in.-f  in. 

3840 

1.80 

1.67 

2133 

2299 

5 

4050 

1.61 

1.45 
Mean 

2516 

2793 

2325 

2546 

Summary  of  Weights: — Taking  an  average  of  the  preceding 
results  for  each  size  of  stone  from  each  quarry  the  summary 
shown  in  Table  14  is  obtained. 
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TABLE  14 

Summary  of  Weights  of  Crushed  Limestone 

Results  in  Pounds  per  Cubic  Yard 


Wagon  Loads 

Car  Loads 

Location 

Size 

Eef. 
No. 

of 
Quarry 

of 
Stone 

^5 

u  o  °  £ 
z-±  2 

8| 

F0 

—  i-  — 

■"  •-  c  o 

g  °  CD  S 

1 

Joliet 

i-in.  Scr. 

2303 

2533 

2659 

2905 

2 

" 

f-in.  Scr. 

2652 

2882 

3 

" 

2  in.— Hn. 

2315 

2480 

2386 

2592 

4 

" 

2  in.-f-in. 

2296 

2516 

5 

si 

3  in.-2  in. 

2361 

2553 

6 

Chester 

f-in.  Scr. 

2442 

2797 

2546 

7 

" 

2  in.-|-in. 

2344 

2582 

8 

" 

3  in. -2  in. 

2367 

2569 

2348 

2545 

9 

Kankakee 

f-in.  Scr. 

2430 

2697 

10 

" 

li  in.-f-in. 

2325 

2546 

11 

2i  in.-f-in. 

2260 

2390 

Relations  between  Actual  and  Nominal  Weight  of  Crushed  Stone. — 
As  is  well  known,  it  is  the  universal  custom  to  load  a  car  more 
than  its  rated  capacity;  and  similarly  it  seems  to  be  the  custom  of 
laborers  when  loading  a  car  with  crushed  stone,  to  put  in  more 
than  directed.  This  fact  causes  an  erroneous  idea  of  the  weight 
of  a  yard  of  the  material  among  the  railway  officers,  as  they  weigh 
the  car  and  divide  the  weight  of  the  stone  by  the  nominal  number 
of  yards  to  obtain  the  weight  per  cubic  yard.  Since  the  actual 
volume  is  not  measured,  the  number  of  yards  is  taken  from  the 
bill  of  lading  submitted  by  the  shipper,  which  is  approximate  and 
is  usually  too  small;  and  consequently  the  weight  per  cubic  yard 
derived  by  this  method  is  usually  somewhat  too  great.  For  ex- 
ample, the  Superintendent  of  the  Wabash,  Chester  and  Western 
Railway  weighed  a  large  number  of  cars  of  stone  at  Chester,  and 
obtained  by  this  method  weights  of  2600  pounds  and  over  per 
cubic  yard.  In  all  his  observations  the  number  of  yards  was 
taken  as  given  on  the  bills. 
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To  determine  the  relation  between  the  actual  weight  of 
crushed  stone  and  the  weight  found  as  above,  accurate  measure- 
ments of  ten  cars  being  loaded  at  Chester  were  made  by  Mr. 
Schafmayer  to  ascertain  if  the  high  weights  per  cubic  yard  ob- 
tained by  the  railroad  were  due  to  overloading.  The  results  of 
these  tests  are  shown  in  Table  15.  In  every  case  the  actual  con- 
tents of  the  car  are  greater  than  the  number  of  yards  in  the  bill. 
The  average  excess  is  1.71  yards  for  an  average  nominal  load  of 
26  yards,  an  average  excess  of  6.6  per  cent.  This  gives  an  appar- 
ent average  weight  of  2558  pounds  for  a  yard  actually  weighing 
only  2400  pounds.  It  can  be  readily  seen  that  under  such  con- 
ditions, it  is  not  surprising  that  railway  officials  have  an  exag- 
gerated idea  as  to  the  weight  of  a  cubic  yard  of  crushed  stone. 

TABLE  15 
Excess  of  Actual  Loading  in  Cars  over  Billing 


of  Yds. 
med  in 
ill  of 
ading 

ctual 
amber 
of 
i.  Yd. 

of  Yds. 
Excess 
f  the 
illing 

ualWt.. 
lb. 
cu.  yd. 

parent 
t,,  lb. 
cu.  yd. 

Ob-   M 

<K    a 

6c°W 
ft"- 

CD   W 

1 

25 

25.7 

0.7 

2.8 

2420 

2488 

2 

25 

25.7 

0.7 

2.8 

2420 

2488 

3 

25 

27.7 

2.7 

10.8 

2420 

2684 

4 

25 

27.7 

2.7 

10.8 

2420 

2684 

5 

25 

27.7 

2.7 

10.8 

2420 

2684 

6 

25 

25.8 

0.8 

3.2 

2420 

2510 

7 

30 

32.0 

2.0 

6.7 

2420 

2583 

8 

25 

25.7 

0.7 

2.8 

2420 

2488 

9 

30 

31.4 

1.4 

4.7 

2420 

2534 

10 

25 

27.7 

2.7 

10.8 

2420 

2684 

Av. 

26 

27.71 

1.71 

6.6 

2420 

2581 

VI.     Coefficients    for   Determining  Weight  of   Crushed 

Stone 

In  the  introduction  it  was  suggested  that  possibly  coefficients 
could  be  determined  by  which  to  deduce  the  weight  per  unit  of 
volume  of  crushed  stone  when  the  weight  of  a  unit  of  solid  stone 
or  the  specific  gravity  was  known.  Table  16  shows  such  coeffi- 
cients for  the  various  sizes  for  three  kinds  of  stone,  at  the  crusher 
and  also  at  the  destination,  both  in  cars  and  in  wagons.     The 
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TABLE    16 

Coefficients  by  Which  to  Determine  the  Weight  in  Pounds 

per  Cubic  Yard  of  Crushed  Limestone 


Kind 

Size 

Having  the 

Weight  of  a 

Cu.  Ft.  of 

Solid  Stone 

Having  the 
Weight  of  a 
Cu.  Yd.  of 
Solid  Stone 

Having  the 
Specific  Gravity 

of 

Stone 

of 
Stone 

3 
o  c  o 

0     >H 

Coeffi- 
cient 

<r>  >■> 

12 

—  — 

z* 

Coefficient 

O  o 

Coefficient 

O 

a 

o 

be 

o 

o 
ho 

Fh 

ci 

o 

c 
o 

ea 

Chester 
Joliet 

a 

Kankakee 

l-in. 
i-in. 
l-in. 
l-in. 

Scr. 
Scr. 
Scr. 
Scr. 

We 

160.4 
169.1 
169.1 
162.8 

right 

15.9 
15.7 
15.4 

at 
15.3 
13.6 

14.9 

Crusher 
43311  0.588 
4566    0.582 
4566   0.572 
4397 

0.566 
0.504 

0.553 

2.57 
2.71 

2.71 
2.61 

990.7 
981.2 
963.8 

954.5 

849.8 

931.0 

Mean 

Hn. 

Scr. 

165.4 

15.7 

14.6 

4465   0.581 

0.541 

2.65 

978.6 

911.8 

Kankakee 

Hin 

-fin. 

162.8 

14.3 

4397 

0.529 

2.61 

890.8 

Chester 
Joliet 

Kankakee 

2  in. 
2  in. 
2  in. 
2iin. 

-l-in. 
-Hn. 
-|-in. 
-l-in. 

160.4 
169.1 
169.1 
162.8 

14.1 

13.6 
13.9 

14.6 
13.7 

4331 
4566 
4566 
4397 

0.523 
0.503 
0.514 

0.541 
0.507 

2.57 
2.71 

2.71 

2. til 

912.1 

880.4   854.2 
847.2 

865.9 

Mean 

2  in. 

-i  in. 

165.4 

13.9 

14.2 

4465 

0.513 

0.524 

2.65 

864.5   883.2 

Chester 
Joliet 

3  in. 
3  in. 

-2  in. 
-2  in. 

160.4 
169.1 

14.9 
14.0 

14.8 

4331 

4566 

0.554 
0.517 

0.546 

2.57 
2.71 

933.1 
871.2 

921.0 

Mean 

3  in. 

2  in. 

164.8 

14.4 

14.8 

4448 

0.536 

0.546 

2.64 

902.2 

921.0 

Weight  at  Destination 

Chester 
Joliet 

Kankakee 

|-in. 
i-in. 
|-in 
l-in 

Scr. 
Scr. 
Scr. 
Scr. 

160.4 
169.1 

169.1 

162.8 

17.8 
17.2 
16.9 

17.6 
15.1) 

16.6 

4331 
1566 

4506 
4397 

0.658 
0.636 
0.625 

0.651 
0.555 

0.613 

2.57 
2.71 
2.7] 
2.61 

L108.9  L096.9 

1072.0    934.7 
1053.5 

1033.3 

Mean 

i-in 

Scr. 

165.4 

17.3 

16.6 

4465 

0.640 

0.606  2.65 

1078.1 

1021.6 

Kankakee 

l£in 

-l-in. 

162.8 

15.6 

4397 

0.579  2.6] 

97-').  5 

Chester 
Joliet 

Kankakee 

2  in. 
2  in. 
2  in. 

2',  in 

-|-in. 

-Hn. 

|-in. 

-Hn. 

160.4 
109.1 
L69.1 
162.8 

15.3 
14.9 
14.7 

16.1 
14.7 

4331 
1566 
t666 
1397 

0.568 
0.55] 
0.544 

0.596 

0.543 

2.57 

2.71 
2.71 
2.6] 

956.5 
928.4 
915.7 

1001.7 
915.1 

Mean 

2  in. 

-Hn. 

165.4 

15.0 

15.4 

4465 

0.554 

0.570 

2.65 

933.5 

959.9 

Chester 
Joliet 

3  in. 
3  in. 

-2  in. 
-2  in. 

L60.4 
L69.1 

15.9 
15.1 

16.0 

4331 
1666 

0.588 
0.559 

0.593 

2.57 

2.71 

990.2 

912.0 

1000.0 

Mean 

.".  in. 

-2  in. 

164.8 

15.5 

L6.0 

4448 

0.574 

0.593 

2.64 

966.1 

1000.0 
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means  are  stated  in  Table  16  in  such  a  manner  as  to  show  the 
average  result  for  each  size. 

Disregarding  whether  the  stone  is  measured  in  a  car  or  a 
wagon,  and  also  disregarding  whether  it  is  measured  at  the  crush- 
er or  at  its  destination,  the  following  summary  of  Table  16  is  ob- 
tained. 

Mean  Coefficient  by  Which  to  Multiply 
<*t7t?  m?  Sto^t.  the   Weight   of   a  Cubic   Foot   of    Solid 

size  ou  stone  Limestone  to   Obtain    the   Weight  of  a 

Cubic     Yard     of     the     Crushed     Stone 

i-in.  screening's 15 . 5 

2  in.  to  i  inch 14.6 

3  in.  to  2  inch 15.2 

Average 15.1 

Notice  that  the  coefficient  is  largest  for  the  finest  stone,  and 
smallest  for  the  intermediate  size.  The  same  is  true  for  trap 
(see  Table  17)  even  though  the  sizes  slightly  differ.  This  seems 
to  prove  that  the  weight  of  screenings  is  greater  than  that  of 
coarser  stone,  while  the  weight  of  the  intermediate  size  is  less 
than  that  of  either  extreme  size. 
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Appendix  I 
Weight  of  Voids  of  Crushed  Trap 

A  careful  search  has  been  made  of  engineering  literature,  and 
below  is  the  only  definite  information  discovered. 

In  the  Journal  of  the  Association  of  Engineering  Societies, 
Volume  11  (1892),  page  424,  W.  E.  McClintock,  at  present  Chair- 
man of  the  Massachusetts  Highway  Commission,  gives  an  account 
of  six  experiments  made  by  him  to  determine  the  weight  of  a  unit 
of  volume  of  crushed  trap.  In  the  first  experiment  he  weighed 
the  contents  of  a  bin  holding  29i  cubic  yards,*  and  found  the 
weight  of  stone  that  had  passed  a  i-inch  screen  to  be  2605  pounds 
per  cubic  yard,  and  in  another  test  under  the  same  conditions, 
to  be  2690  pounds;  and  when  the  broken  stone  was  wet  the  weight 
was  2480  pounds  per  cubic  yard.  In  another  experiment  he 
weighed  the  stone  in  a  bin  holding  89.8  cubic  yards,  and  found 
the  weight  of  stone  that  had  passed  a  1^-inch  screen  and  had 
been  caught  on  a  i-inch  screen  to  be  2423  pounds  per  cubic  yard. 
In  a  third  experiment  he  weighed  the  stone  in  a  bin  containing 
89.7  cubic  yards,  and  found  the  weight  of  the  stone  that  had 
passed  a  3-inch  screen  and  had  been  caught  on  a  li-inch  screen  to 
be  2522  pounds  per  cubic  yard.  He  also  measured  six  cars  and 
weighed  the  contents,  and  found  the  weight  of  the  last  mentioned 
size  to  be  2531  pounds  per  cubic  yard.  The  following  statement 
shows  the  relative  proportions  of  the  several  sizes  of  crushed 
trap. 
Size  of  Stone  Per  Cent 

J-inch  screenings 13.24 

li  inch  to  i-inch 23.89 

3  inch  to  1J  inch 62.8A 

Total  output  of  crusher 100.00 

From  the  weight  per  cubic  foot  of  solid  stone  given  by  Mr. 
McClintock  and  the  above  weights  of  the  broken  stone,  the  per 
cent  of  voids  was  computed.  A  summary  of  Mr.  McClintock's 
experiments  is  given  in  Table  17,  and  the  coefficients  for  trap 
are  given  in  Table  L8. 

•Mr.  MoClintook  privately  informed  the  writer  that  the  arerage  drop  of  the  stone  into 

the  bins  was  about  8  feet . 
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TABLE    17 

Weight  and  Voids  of  Crushed  Trap 
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Ref. 

No. 

Size  of  Stone 

Weight 

in  lb.  per 

cu.  yd. 

Per  Cent 
of  Voids, 
computed 

1 
2 

f-  in.  Screenings,  in  bin,  dry 

Mean 

in  bin,  wet 

li  in.  to  i  in.  in  bin 

3  in.  to  li  in.  in  bin 

in  cars 

Mean 

2605 
2690 

3 
4 

5 

6 

2648 

2480 

2432 

2522 
2531 

46.5 
50.2 

2526 

48.1 

TABLE    18 

Coefficients  by  Which  to  Determine  the  Weight  in 
Pounds  per  Cubic  Yard  of  Crushed  Trap 


Ref. 
No. 

Size  of  Stone 

Having  the 

Weight  of  a 

Cubic  Foot  of 

Solid  Stone 

Having  the 

Weight  of  a 

Cubic  Yard  of 

Solid  Stone 

Having  the 
Specific 
Gravity 

Wt.  of 

Sol.  Stone 

lb.  per 

cu.  yd. 

Coeffi- 
cient 

Wt.  of 

Sol.  Stone 
lb.  per 
cu.  yd. 

Coeffi- 
cient 

Specific 
Gravity 

Co- 
effi- 
cient 

1 
2 
3 

Hn.  screenings 
H  in.-i  in. 
3  in.-H  in. 

Mean 

180.7 
180.7 
180  7 

14.6 
13.5 
13.9 

4879 
4879 
4879 

0.541 
0.500 
0.515 

2.90 
2.90 
2.90 

914.4 
839.7 

872.2 

13.7 

0.519 

875.4 
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I.  Introduction1 

In  the  consumption  of  fuel  for  industrial  purposes,  two  funda- 
mental considerations  must  be  kept  in  mind:  first,  there  must  be 
economy  in  the  use  of  material;  second,  there  must  be  regard  for 
the  comfort  and  health  of  the  community.  Modern  practice  has 
made  marked  advances  in  recent  years  in  the  observance  of  the 
first  consideration.  As  might  be  expected,  the  initiative  in  any 
matter  involving  economy  comes  largely  from  the  user,  the  im- 
pulse being  the  very  natural  one  of  self-interest.  For  results  un- 
der the  second  consideration,  obligatory  measures,  in  the  main, 
have  predominated,  the  pressure  coming  from  without  by  man- 
date rather  than  from  within  by  preference,  and  advancement 
has  been  at  a  slower  rate.  Any  study  of  conditions  or  of  material 
which  will  promote  advancement  along  either  line  is  important. 
The  present  paper  is  a  preliminary  report  of  a  series  of  experi- 
ments carried  on  in  the  Chemical  Department  of  the  University 
of  Illinois,  more  or  less  continuously  since  1902,  having  in  mind 
primarily  such  a  change  in  the  chemical  composition  of  coal  as 
would  modify  or  minimize  the  production  of  smoke.  The  facts 
developed  thus  far  are  mainly  of  scientific  interest  but  they  are 
such  as  must  necessarily  precede  any  technical  study  of  the  pro- 
cesses contemplated. 


1Mainly  taken  from  the  thesis  of  Deane  Burns,  B.  S.,  1907,  University  of  Illinois. 
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Concerning  the  waste  of  the  fuel  supply,  there  are  broader 
reasons  for  economy  than  the  mere  selfish  demands  of  the  indi- 
vidual or  corporation  interested.  Notwithstanding  the  fact  that 
the  coal  fields  of  the  United  States  are  extensive,  the  coal  supply 
is  not  inexhaustible.  Campbell1  states  that  at  the  present  rate 
of  increase,  the  available  coal  fields  of  this  country  will  be  used 
up  in  ninety  years,  but  if  the  rate  of  consumption  of  1905  remains 
constant  the  fields  will  last  four  thousand  years.  It  is  hardly 
possible  that  the  great  activity  which  has  so  characterized  the  past 
twenty-five  years,  in  the  building  of  railroads,  steamship  lines, 
and  factories  will  be  as  marked  in  the  future  as  it  has  been  in  the 
past.  There  will  be,  however,  a  constant  increase  in  the  con- 
sumption of  coal  unless  some  new  source  of  power  is  developed. 
It  does  not  seem  probable  that  the  rate  of  increase  will  be  materi- 
ally affected  for  a  great  many  years  to  come;  hence,  Campbell 
estimates  that  four  hundred  years  will  be  nearer  the  truth  than 
four  thousand. 

The  sources  of  loss  are  mainly  two;  one  is  found  in  wasteful 
methods  used  in  the  mining,  and  the  other  in  the  combustion  of 
coal.  Although  it  is  not  within  the  province  of  this  work  to  dis- 
cuss the  present  day  methods  of  mining,  it  might  be  well  to  men- 
tion the  fact  that  from  40  to  60  per  cent  of  the  coal  is  left  in  the 
mine  in  the  form  of  walls,  pillars,  roofs,  dust,  etc.  In  the  matter 
of  economic  combustion,  the  advancement  has  been  almost  entire- 
ly on  the  mechanical  side  as  illustrated  in  the  modern  stokers, 
improved  combustion  chambers,  the  sizing  and  washing  of  coal, 
etc. 

The  idea  of  the  modification  of  the  chemical  form  of  the  fuel 
as  a  preparation  for  greater  efficiency  has  been  of  slow  develop- 
ment, but  it  is  well  illustrated  in  the  transformation  of  lignites  in- 
to the  gaseous  form  for  use  in  internal  combustion  engines.  If  it 
were  possible  to  apply  the  same  method  to  changing  the  form  of 
coals  of  the  bituminous  type  and  maintain  a  corresponding  im- 
provement in  efficiency,  a  great  advance  would  be  made  both  on 
the  side  of  economy  and  also  as  related  to  a  more  sanitary  and 
comfortable  state  of  the  atmosphere,  which  would  result  from 
the  absence  of  smoke.  A  chemical  modification  of  quite  a  differ- 
ent type  is  contemplated  in  this  work,  viz.,  a  modification  of  the 
volatile  matter  either  in  amount  or  form,  so  that  a  smokeless  fuel 


'National  Geo.  Mag.,  Vol.  18.  idot. 
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will  result  and  possibly  also  a  fuel  of  a  higher  rate  of  efficiency 
in  combustion. 

A  study  of  the  development  of  coals  in  their  various  forms 
seems  to  indicate  that  certain  natural  agencies  have  been  active, 
which  might  be  made  to  accomplish  similar  results  when  artifici- 
ally applied.  The  basis  for  some  such  theory  may  be  more 
readily  understood  from  a  review  of  the  various  discussions  of  (a), 
coal  formation,  and  (b),  coal  structure,  as  given  below. 

Formation  of  Goal.  — Campbell1  advances  the  hypothesis  that  the 
transformations  of  the  vegetable  matter  into  the  various  grades  of 
coal  are  accomplished  in  a  large  measure  by  three  factors:  time, 
heat  and  crustal  movements.  Campbell  shows  that  the  element 
of  time  is  not  as  important  as  the  other  two,  since  vegetable 
matter  submitted  to  the  action  of  molten  lava,  for  instance,  very 
likely  undergoes  rapid  alteration  into  anthracite  or  natural  coke, 
because  the  escaping  gases  are  the  lightest  hydrocarbons,  while 
the  remaining  material  is  the  heavier  or  fixed  carbon.  Upon  the 
other  hand,  if  the  heat  is  only  a  gradual  one,  or  if  the  surround- 
ing rocks  are  unbroken,  the  process  is  a  slow  one,  as  the  heat  is 
either  not  sufficient,  or  the  products  of  distillation  are  not  able  to 
find  a  ready  means  of  escape. 

Continuing,  the  writer  states  that  a  study  of  the  crustal 
movements  does  not  justify  the  conclusion  that  coal  was  produced 
by  distillation  due  to  the  heating  effect  of  such  movements.  If,  for 
instance,  the  folding  of  the  rocks  into  great  synclines  and  anti- 
clines has  changed  the  coal  into  anthracite  in  eastern  Pennsyl- 
vania, why  has  not  the  same  amount  of  movement  in  some  of  the 
isolated  synclines  of  Pocono  rocks  in  Maryland  and  Virginia  pro- 
duced the  same  result?  It  has  not  done  so,  and,  therefore,  the 
change  to  anthracite  does  not  seem  to  be  due  alone  to  earth  move- 
ments. 

The  action  of  heat,  of  course,  produces  fractional  distillation, 
but  whether  this  takes  place  rapidly  or  slowly,  at  a  high  or  low 
temperature,  the  process  is  regulated  by  the  surrounding  or  local 
conditions,  and,  since  these  control  the  process  of  metamorphism, 
they  are  of  equal  importance  with  the  original  cause.  The  nature 
of  the  residual  product,  or  coal,  is  largely  dependent  upon  these 


'Economic  Geology,  Vol.  26.  1905. 
U.  S.  G.  S.  Prof.  Paper,  No.  48.  1906. 
Bulletin  Amer.  Inst.  Min.  Eng.,  March.  1906. 
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modifying  conditions.  In  the  first  place,  the  extent  of  the  change 
depends  upon  the  readiness  with  which  the  gases  can  escape.  If 
these  are  liberated  as  soon  as  they  are  formed,  the  rate  of  change 
depends  upon  the  amount  of  heat  applied.  If,  however,  the 
vegetable  matter  is  held  between  impervious  layers  of  rock,  and 
under  great  pressure,  the  gases  can  not  form,  and  consequently, 
there  is  but  little  change,  despite  the  fact  that  considerable  heat 
is  applied. 

Campbell  gives  the  following  resume: 

1.  The  change  from  peat  to  lignite,  from  lignite  to  bitumin- 
ous, and  from  bituminous  to  anthracite,  is  a  process  of  fractional 
distillation  due  to  heat. 

2.  The  heat  may  be  applied  locally  and  with  great  intensity, 
as  in  the  case  of  volcanic  action,  or  it  may  be  imperceptible,  but 
applied  throughout  a  long  period  of  time. 

3.  In  the  latter  case  the  action  is  so  slow,  and  of  such  a  na- 
ture, that  it  is  controlled  largely  by  conditions  which  accelerate 
or  retard  the  process. 

4.  The  principal  conditions  controlling  the  distillation  are 
the  porosity  or  the  impermeability  of  the  rocks  permitting  or  re- 
tarding the  escape  of  the  gases  formed  during  the  process. 

5.  Porosity  may  be  due  either  to  coarseness  of  grain  or  to 
fissures.  Where  great  masses  are  concerned,  the  former  has 
little  or  no  effect,  as  the  rocks  are  practically  impervious:  there- 
fore, the  great  controlling  condition  in  coal  metamorphism  is  the 
number  of  fissures.  These  are  produced  by  joints  and  by  cleav- 
age; and  where  fissures  are  found,  the  coal  is  in  a  high  degree  of 
carbonization;  where  they  are  absent,  it  is  changed  only  slightly 
from  its  original  peaty  condition. 

Cross  and  Bevan1,  from  a  study  of  the  action  of  sulphuric 
acid  upon  cellulose  and  other  vegetable  fibres,  as  well  as  upon 
coal,  itself,  advanced  the  opinion  that  there  are  two  possibilities 
as  to  the  formation  of  coals.  (1)  The  lignification  of  structures  orig- 
inally consisting  of  pure  cellulose:  (2)  Such  transformation 
may  have  resulted  from  the  combination  of  cellulose  and  aromatic 
bodies,  formed  elsewhere  in  the  plant  and  probably  as  a  residue 
from  the  oxidation  of  hydrocarbons.  Keasoningfrom  the  investi- 
gations, they  have  assigned  to  lignocellulose  a  formula,  Cj  .H,  sO,,. 


'Phil.  Ma-r.  851 

Jour.  Ainer.  Chem.  Soo.,  55,  ISO;  1889. 
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Parr1,  from  the  study  of  cellulose  and  coal,  reasons  that  during 
the  process  of  decomposition,  cellulose  may  undergo  a  transfor- 
mation,producing  lignite, (C2  0H2  204);  bituminous  coal, (C2  2H2  603); 
and  semi-bituminous  coal,  (C8  oH^  60).  It  may  be  reasonable  to  be- 
lieve that  if  these  various  forms  of  coal  were  produced  from  cel- 
lulose and  similar  substances,  and  are  more  or  less  closely  related, 
artificial  methods  may  be  devised  for  transforming  the  one 
into  the  other.  While  these  coal  molecules  are,  of  course,  hypo- 
thetical, they  have  their  counterparts  in  the  actual  constitution  of 
coal  as  shown  by  analyses. 

Each  of  these  theories  in  regard  to  the  formation  of  coal  of- 
fers suggestions  for  the  production  of  similar  results  artificially. 
Thus,  the  work  of  Campbell  shows  that  under  conditions  which 
permit  the  gases  to  escape,  heat  is  of  vital  importance.  Those 
of  Parr  show,  to  a  certain  extent,  how  the  transition  from  the 
lower  forms  to  the  higher  ones  is  accomplished.  Given,  then, 
the  conditions  favorable  for  the  escape  of  the  gases  and  heat  in 
the  correct  amount,  it  would  seem  that  the  results  of  nature 
might  be  duplicated.  The  work  of  Cross  and  Bevan  shows  the 
influence  of  the  original  material  from  which  the  coal  was  pro- 
duced. The  character  of  the  original  vegetable  matter  and  the 
different  conditions  under  which  the  coal  was  formed,  yield  vari- 
ous results  in  the  final  products.  Not  all  anthracite  coals  are 
alike,  nor  are  all  bituminous  coals  the  same.  Different  coals, 
treated  under  identical  conditions,  behave  in  a  variety  of  ways. 
These  variations  in  the  different  kinds  of  coal  can  be  explained 
only  by  the  pure  chemistry  of  the  same. 

The  Constitution  of  Goal. — Within  the  last  twenty  five  years 
numerous  attempts  have  been  made  to  prove  that  coal  is  a 
definite  chemical  compound,  or  a  mixture  of  compounds  which  are 
similar.  Many  chemists  and  investigators  have  succeeded  in 
separating  from  coal  by  means  of  such  extracting  agents  as  ether, 
chloroform,  benzine,  pyridine,  as  well  as  by  acids  and  alkalies, 
various  products  which  show  to  some  extent  that  the  proximate 
ingredients  are  similar  in  various  coals. 

As  early  as  1805  Hatchett2  published  the  results  obtained 
from  an  investigation  of  the  action  of  nitric  acid  upon  coal.     In 


'111.  Geol.  Surv.  Bulletin  No.  3;  1906. 
Jour.  Amer.  Chem-  Soc.  28,  1425;  1906. 
2Phil.  Mag.  1805- 
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1879  E.  Guignet1  found  that  after  drying  coal  for  an  hour  at  110° 
C,  and  powdering  it  to  the  finest  possible  state,  he  could 
extract  as  much  as  four  per  cent  with  boiling  phenol.  The  fil- 
trate from  the  above  was  brown  in  color,  and  deposited  brown 
flakes  from  the  solution  upon  the  addition  of  alcohol.  The  pre- 
cipitated substance  was  attacked  with  difficulty  by  nitric  acid, 
forming  a  yellow  product.  Repeated  treatment  of  the  original 
coal  with  nitric  acid,  filtering,  evaporating  the  filtrate  to  dryness, 
taking  the  residue  up  with  water,  adding  barium  carbonate,  filter- 
ing and  removing  the  barium  with  sulphuric  acid,  gave  a  solution 
containing  tri-nitro-resorcinol,  (oxy-picric  acid);  oxalates  were 
also  found  in  the  solution.  Guignet  believed  that  all  coals  contained 
a  resin-like  substance  which,  when  treated  with  nitric  acid,  pro- 
duced oxy-picric  acid.  He  also  found  that  coal  contained  a  cel- 
lulose-like substance  which  was  attacked  by  alkaline  hydroxides 
at  temperatures  above  100°  C. 

The  action  of  alkalies  upon  coals  was  further  studied  by  P.  F. 
Reinsch2  in  1885.  From  a  series  of  experiments  the  author  comes 
to  the  conclusion  that  coals  are  composed  of  two  substances  which 
are  characterized  by  their  action  towards  alkali.  That  part  which 
can  be  extracted  by  means  of  alkali  is  composed  of  "substances 
which  are  quite  amorphous,  do  not  exhibit  signs  of  organic  struc- 
ture, possess  dyeing  properties,  and  are  characterized  by  their  re- 
sistance to  the  action  of  mineral  acids".  Kramer3  considers  coal 
to  be  the  anhydrides  of  glycol  and  glycoic  acids  and  their  amido 
and  oxy-derivatives. 

R.  T.  Friswell4  pointed  out  that  the  effect  of  dilute  (1:2)  nitric 
acid  was  to  convert  coal  into  substances  which,  upon  drying,  were 
"black,  lustrous  and  very  brittle,  insoluble  in  water,  but  very 
easily  soluble  in  ammonia  and  other  alkali  fluids.  In  general, 
these  products  behaved  like  nitro  compounds".  If  the  solutions 
obtained  by  dissolving  the  nitrocompound  in  alkali  are  treated 
with  acids,  a  flocculent,  bulky  brown  precipitate  results,  which  is 
insoluble  in  mineral  salts,  but  is  soluble  to  some  extent  in  pure 
water. 


lComptes  Rendus.  88.  590;  1879. 
2Dingr.  Poly.  Jour.  256.  224;  1885. 

Jour.  Chem.  Soc.  876;  1885. 

Fisher's  Jahresbericht.  113;  1887. 
4Proc.  Chem.  Soc.  9.  8;  1892. 
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Anderson  and  Roberts1  studied  the  action  of  dilute  nitric 
acid.  The  product  or  "coal  acid"  was  always  of  a  definite  compo- 
sition, even  though  it  might  not  have  been  composed  of  the  same 
chemical  individuals.  Heating  from  300°  to  310°  C.  in  carbon  di- 
oxide and  extracting  with  nitric  acid  gives  a  coal  acid  of  the  same 
composition  as  the  one  from  raw  coal.  In  a  continuation  of  these 
studies  Anderson2  concludes  that  "whether  or  not  different  coals 
contain  bodies  that  are  in  a  genetic  or  homologous  series,  such 
bodies  form,  at  least,  only  a  part,  and  it  may  be  but  a  minor  part 
of  the  mineral.  And,  furthermore,  that  a  considerable  part  of 
the  organic  matter  consists  of  a  complex  compound  comparatively 
rich  in  nitrogen,  and  that  above  all  resinous  matter  is  always 
present  to  a  small,  but  fairly  constant  degree". 

P.  Siepman3  in  1891  investigated  the  effects  of  various  sol- 
vents such  as  ether,  alcohol,  and  chloroform  upon  the  resinous 
constituents  of  coal.  By  treating  a  Westphalian  coal  of  the 
following  composition: 

C  =  80.31%;  H=5.50%;  O  and  N  =  12.94%;  S  =  1.25%,  three 
products  were  obtained.  That  extracted  by  ether  amounted  to 
0.3  per  cent,  after  the  ether  extraction;  0.75  per  cent  more  was 
extracted  by  means  of  chloroform;  and,  finally,  0.25  per  cent  was 
removed  with  alcohol.  Two  substances,  which  were  identical, 
were  obtained  by  means  of  ether,  from  two  different  brown  coals; 
a  fact  which,  in  the  opinion  of  the  author,  may  justify  the  conclu- 
sion that  the  two  products  were  identical  and  individual  in  body. 
The  following  table  taken  from  the  above  mentioned  article,  shows 
the  percentage  composition  of  the  extracted  substances. 


Composi- 

Solvents 

Alcohol 

Chloroform 

Ether 

tion  of  Kesi- 
due 

Per  cent  extracted 

0.25 

0.75 

0.30 

Carbon 

72.52 

78.82 

78.74 

74.00 

Hydrogen 

10.08 

8.56 

9.64 

4.77 

Oxygen 

17.40 

9.97 

11.62 

20.09 

Sulphur 

Nitrogen 

2.65 

i.ii 

\Tour.  Soc.  Chem.  Ind.,  17,  1013;  1898. 

"Ibid,  p.  1019. 

3Ztg.  f.  Berg.  w.  Hutten,  36,  26;  1891. 

Jour.  Soc.  Chem.  Ind.  10.  753;  1891. 

Ibid  10,  147;  1908. 
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The  author  further  states  that  while  the  caking  power  of  bi- 
tuminous coal  is  considerably  diminished  by  the  above  treatment, 
it  is  not  entirely  destroyed  even  though  a  perceptible  amount  of  the 
resinous  constituents  of  the  coal  is  removed.  Smith1  verifies  the 
fact  that  the  caking  power  is  not  all  destroyed  by  the  treatment 
with  alkali.  He  also  studied  the  solvent  effect  of  benzine.  From 
a  sample  of  Japanese  (Miike)  coal,  as  much  as  ten  per  cent  was 
extracted  with  the  above  named  solvent.  The  extracted  substance 
was  freed  from  benzine  and  subjected  to  fractional  distilla- 
tion. The  portion  which  was  distilled  at  175°  to  200°  was  naphtha. 
The  portion  distilling  at  250°  to  300°  was  treated  with  sodium 
hydroxide  for  phenols,  then  sulphuric  acid  was  added,  when  a 
phenol  of  higher  molecular  weight  was  formed,  having  the  odor 
of  pseudocuminol.  No  evidences  of  pyridine  or  quinoline  bases 
were  noticed.  Upon  cooling  the  300°  fraction,  paraffin 
scale  separated  out.  In  conclusion,  the  author  states  that  the  bitu- 
men which  was  extracted  must  have  come  from  vegetable  matter 
different  from  the  body  of  the  coal.  Farther  investigations  along 
this  line  show  a  South  American  lignite,  80.1  per  cent  of  which 
was  soluble  in  benzine.2 

Shaw3  succeeded  in  nitrifying  coal  by  submitting  it  to  the  pro- 
longed action  of  a  mixture  of  concentrated  sulphuric  and  nitric 
acids.  This  treatment  raised  the  "volatile  matter"  of  the  coal 
from  27  to  77  per  cent.  The  "nitro  coal''  was  quite  soluble  in  caus- 
tic alkali  and  11  per  cent  was  soluble  in  methyl  alcohol.  Attempts 
to  reduce  the  nitro  coal  were  not  successful.  Luzi4  considered 
that  coal  might  be  a  derivative  of  graphitic  acid. 

Cross  and  Bevan5  tried  the  oxidizing  effect  of  hydrochloric 
acid  and  potassium  perchlorate.  They  secured  a  chlorinated  pro- 
duct which  was  very  similar  to  a  product  obtained  by  treating 
lignitic  fibres  in  an  analogous  manner.  The  remaining  coal  sub- 
stance was  completely  soluble  in  caustic  alkali.  Smyth6  obtained, 
by  the  use  of  the  same  reagents,  products  which  were  "acidic  in 
properties  and  form  a  dark  brown  solution  with  caustic  alkali  and 
ammonia". 


'.lour.  Soc.  Chem.  Ind.,  10,  978;  1891 

•Ibid  it,  986;  1898. 

'Chem.  News.  74,  862;  1896. 

lZtg.  f.  Berg,  w.  Button,  88.96;  189 

'Phil.  Ma;;.  1882. 

"( Ihem.  News,  ;  i.  862;  1896. 
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From  the  preceding  investigations,  the  following  conclusions 
may  be  drawn: 

1.  That  coal  was  not  derived  from  cellulose  alone,  but  from 
a  combination  of  cellulose  and  aromatic  bodies  formed  elsewhere 
in  the  plant. 

2.  That  the  main*  portion  of  coal  is  a  definite  unit,  associated 
with  a  small  amount  of  bitumen  or  resinous  matter. 

3.  That  the  structure  and  properties  of  coal  are  greatly 
modified  by  the  removal  of  certain  portions  of  the  coal  by  means 
of  solvents. 

Action  of  heat. — It  has  been  shown  that  certain  solvents  exert 
a  modifying  influence  upon  coal.  The  action  of  heat  is  of  even 
greater  influence  than  that  of  solvents,  and  its  application  to  coal 
will,  in  general,  produce  two  results :- 

1.  Removal  of  occluded  gases. 

2.  Volatilization  of  the  hydrocarbons  of  the  coal  itself.  To 
draw  an  accurate  line  between  these  two  would  be  a  rather  diffi- 
cult matter  as  gases  are  given  off  continually  from  the  slightest 
heat  treatment  to  the  point  of  carbonization  of  the  coal. 

Thomas1  showed  that  coal  heated  in  a  vacuum  at  100°  C.  gave 
off  an  appreciable  quantity  of  gas.  When  coal  was  submitted  to 
prolonged  action  of  heat  and  vacuo,  not  only  did  the  quantities  of 
gas  increase,  but  the  quality  appeared  to  vary  as  the  reaction 
progressed.  Late  in  the  action,  volatile  products  came  over 
which  condensed  to  crystalline  solids,  showing  that  these  hydro- 
carbons did  not  exist  as  such  in  the  coal,  but  were  products  of 
the  reactions. 

Smith2  notes  that  the  preheating  of  coals  destroys  their  caking 
properties. 

Siepman3  has  shown  that  the  caking  properties  of  coal  are 
modified  by  extraction  of  the  coal  with  ether  and  chloroform. 
The  property  of  "caking"  is  then  due  to  the  easily  volatile  hydro- 
carbons. Investigations  similar  to  those  of  Thomas4  were  carried 
on  by  Bedson.5  Eight  hundred  seventy  grams  of  coal  dust  were 
treated  in  vacuo  with  the  following  results.  The  first  treatment 
was  for  twenty  days  at  a  temperature  of  30°  C.  The  results,  when 
tabulated,  are  as  follows: 


'Jour.  Soc.  Chem.  Ind.  144:  1876. 

2Ibid  10.975;  1891. 

3Ibid  10,  752;  1891. 

4Ihid  144;  1876. 

5 Chem.  News,  68,  187;  1893. 
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Time 

Temperature 

Volume  of  Gas 

1.20  days 
2.10  davs 
3.10  days 
4.7  days 
5.9  hrs. 

30°  C.                                  100.9  cc  N.  T.  P. 
50°  C.                                  160.6  cc  N.  T.  P. 
60°  C.                                  116.3  cc  N.  T.  P. 
60  to  80°  C.                        286.0  cc  N.  T.  P. 
100°  C.                                  89.5  cc  N.  T.  P. 

The  above  amounts  were  all  obtained  from  the  same  sample, 
the  process  being  continued  at  a  higher  temperature  when  all  the 
gas  had  been  given  off  at  the  lower  one.  Upon  analysis,  the 
above  examples  gave  the  results  in  the  accompanying  table:- 


1 

2 

3 

4 

5 

Carbon  Dioxide 

5.77 

8.34 

12.12 

27.35 

20.80 

Oxvgen 

9.33 

7.31 

5.35 

0.56 

4.16 

Carbon  Monoxide 

1.68 

2.34 

Olefins 

6.39 

6.77 

2.14 

4.74 

Paraffins 

3.16 

4.95 

9.39 

31.86 

29.80 

Nitrogen 

81.60 

79.01 

72.37 

35.70 

38.16 

No  hydrogen  is  given  off  and  the  oxygen  content  decreases 
as  the  temperature  increases.  Olefins  are  present  in  considerable 
amounts. 

F.  G.  Trobridge1  obtained  similar  results,  and  from  a  study 
of  freshly  hewn  coal,  came  to  the  conclusion  that  such  coal  ab- 
sorbs gases  from  the  air,  showing  a  particular  preference  to- 
wards oxygen,  while  at  the  same  time  it  was  giving  off  its  own 
occluded  gases.  E.  Bornstein2  makes  a  study  of  the  decomposi- 
tion of  coal  at  relatively  low  temperatures,  that  is,  below  450 
C.  His  results,  briefly  stated,  show  that  the  amounts  of  the 
aqueous  distillates  were  in  the  same  order  as  the  "oxygen  num- 
bers" of  the  original  coals.  Small  amounts  of  ammonia,  hydrogen 
sulphide,  and  catechol  were  found  in  the  distillates,  and  the  resi- 
dues left  after  distillation  were  of  more  uniform  composition  than 
the  original  coals.  The  gaseous  distillates  ranged  in  composition 
as  follows: — 


'Jour.  Soc.  Chem.  Ind.  25.  11X9;  1906. 

aVerh.  Ges.  Deutsch.  Nlf.  w.  Arzic  1904.  II  Toil.  I  Baefte  141. 

497;  1906. 


See  also  Chem.  Central-Blatt 
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1.  Heavy  hydrocarbons 5  to  14  per  cent 

2.  Methane  and  homologues ....  55  to  76  per  cent 

3.  Hydrogen   5  to  16  per  cent 

It  is  thus  seen  that  the  hydrogen  is  lower,  and  the  hydrocar- 
bons higher  than  in  ordinary  illuminating  gas. 

The  work  of  Bornstein,  which  shows  that  the  aqueous  dis- 
tillates are  in  the  same  order  as  the  oxygen  numbers,  leads  to 
a  discussion  of  the  nature  of  water  or  moisture  in  coal.  It  is  a 
well  known  fact  that  moisture  in  coal  is  a  varying  quantity. 
Campbell,1  in  discussing  this,  says,  "This  is  a  phase  of  the  sub- 
ject upon  which  there  is  but  little  available  information,  but 
enough  has  been  done  to  show  that  coal  in  a  finely  divided  state 
and  at  ordinary  temperatures  is  very  susceptible  to  change  in 
atmospheric  conditions,  not  only  in  regard  to  moisture  content, 
but  also  to  volatile  hydrocarbons".  If  the  water  retained  by  an 
air-dried  sample  of  coal  be  driven  off  by  heat  and  the  dried 
sample  afterwards  exposed  to  an  atmosphere  of  moist  air,  the 
moisture  is,  to  a  large  extent,  reabsorbed  at  a  very  rapid  rate. 
Thomas2,  in  reviewing  the  work  of  Dr.  Hoffman  of  the  Canadian 
Geological  Survey,  says  that  part  of  the  water  in  coal  is  very  ob- 
stinately held  and  there  is  no  doubt  that  it  is  in  chemical  com- 
bination. The  water  is  certainly  given  off  as  such,  but  it  is  not 
definitely  known  whether  the  hydrogen  is  in  direct  union  with 
the  oxygen  or  in  combination  with  the  carbon.  Cross  and  Bevan3 
say  upon  this  subject  that  some  of  the  carbon  is  doubtless  in 
combination  with  the  hydrogen.  How  much  of  the  carbon  is 
free  and  how  mach  is  in  combination  with  hydrogen  will,  most 
likely,  never  be  known.  The  oxygen  is,  however,  generally  re- 
garded as  combined  with  the  hydrogen,  but  it  is  not  probable 
that  this  is  the  case  with  the  deep  dry  coals  containing  occluded 
methane;  some  oxy- carbon  compound  containing  hydrogen  is  pro- 
bably present.  The  action  of  heat  upon  the  coal  will  differ  ac- 
cording as  the  hydrogen  and  oxygen  are  in  direct  union  with 
each  other  or  are  in  a  position  free  to  unite  with  each  other  and 
form  water. 

Parr4  reasons  that  volatile  matter  from  coal  is  composed  of 
two   portions;    the  one  composed  of  certain  compounds  of  carbon 


lEcon.  Geol..  1.  29;  1905. 

2Chem.  News,  70.  93. 

3Phil.  Mag.  352;  1882 

♦111.  Geol-  Surv.  Bulletin  No-  3;  1906. 
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and  hydrogen  which  are  combustible,  and  the  other  "a  compound 
of  hydrogen  and  oxygen  in  the  proper  ratio  to  form  water,  and 
hence,  non-combustible".  It  is  obvious  then  that  if  the  hydrogen 
and  oxygen  are  already  in  combination  in  the  coal,  the  water 
thus  formed  simply  increases  the  extraneous  matter  in  the  coal. 
Since  the  value  of  a  fuel  depends  upon  the  amount  of  material  in 
the  same,  capable  of  being  oxidized,  it  is  reasonable  to  say  that 
this  water  serves  no  purpose.  For  economy's  sake  fuel  should 
be  as  concentrated  as  possible,  since  there  would  be  a  saving 
in  freight,  as  well  as  a  more  efficient  combustion  in  the  fur- 
nace. For  two  equal  weights  of  the  same  oxidizable  material, 
the  one  containing  the  less  inert  matter  will  tend  to  have  the 
higher  thermal  efficiency. 

Coalite. — During  the  year  1907  a  good  deal  of  notice  was 
given  in  the  British  press  to  a  product  which  is  of  interest  in  this 
connection.  The  following  description  is  abstracted  from  a  series 
of  articles  published  in  The  Iron  and  Coal  Trades  Review,  during 
1907.  The  process  for  making  coalite  has  been  patented  in  the 
United  States,  England  and  Germany.  The  British  patent  claims 
that  the  method  consists  in  subjecting  any  bituminous  coal  to  a 
temperature  approaching  800°  F. ,  (426°  C.)  inclosed  rectangular 
retorts,  placed  vertically  in  a  gas- fired  furnace  for  about  eight 
hours,  or  until  the  illuminating  gas  ceases  to  be  evolved.  When 
illuminating  gas  ceases  to  come  off,  and  the  mass  is  substan- 
tially free  from  tarry  components,  the  heat  is  suddenly  arrested 
by  the  introduction  of  steam,  and  the  product  removed  from  the 
retort.  Each  retort  has  a  capacity  of  15  cwt.;  and  each  charge 
yields  about  11  cwt.  of  coalite.  This  may  vary  with  different 
coals,  but  the  yield  will  generally  be  about  70  percent.  Accord- 
ing to  the  claims  made  for  coalite,  the  yield  and  by-products 
will  compare  favorably  with  that  obtained  in  the  manufacture  of 
illuminating  gas. 

The  analysis  of  coalite  is  stated  to  be: 

Ash 7  per  cent 

Volatile  Matter 12  per  cent 

Fixed  Carbon 80  per  cent 

Sulphur 1  per  cent 

B.  t  u 13500 

The  samples  which  have  been  on  exhibition  in  London  resem- 
ble coke  in  appearance  and  combustion,  burning  with  a   bluish 
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flame.  The  English  press  seems  to  be  unfavorably  disposed  to- 
wards coalite,  probably  on  account  of  the  claims  made  by  the  pro- 
moters, that  it  is  superior  to  any  form  of  steam  coal,  and  because 
of  the  diligent  efforts  to  float  the  stock  of  the  company.  This  com- 
pany is  capitalized  at  $275,000  with  permission  to  increase  to 
$10,000,000,  thus  giving  it  many  of  the  attributes  of  a  mere  stock- 
jobbing enterprise.  The  total  profit  is  estimated,  in  the  pros- 
pectus, at  $2,500,000  a  year  from  the  production  of  2,100,000 
tons  of  coalite  and  the  resulting  gas,  apart  from  other  by-pro- 
ducts. 

The  Scottish  Smokeless  Coal  Company  claim  to  make  from 
non-coking  smalls  a  fuel  having  an  analysis  practically  the 
same  as  coalite.  The  Gas  Light  and  Coke  Company,  of  London 
advertise  a  smokeless  fuel  under  the  name  of  "carbo".  The 
South  Metropolitan  Gas  Company  will  probably  place  a  similar 
product  on  the  market.  From  these  and  other  considerations,  a 
serious  question  has  been  raised  as  to  the  validity  of  any  patent 
intended  to  cover  the  process  as  outlined. 

Mention  is  thus  made  of  the  main  features  involved  in  con- 
nection with  "coalite"  because  of  a  certain  resemblance  in  method 
to  the  experiments  as  carried  on  in  this  laboratory  for  the  five  or 
six  years  past.  Our  own  work,  however,  has  been  directed  pri- 
marily to  the  development  of  the  fundamental  facts  and  principles 
involved  with  a  careful  study  of  the  chemical  changes  or  reac- 
tions that  may  accompany  the  treatment  under  varying  tempera- 
tures and  in  different  atmospheres.  The  information  resulting 
from  such  experiments  is  considered  a  necessary  prerequisite  to 
any  industrial  application  of  the  process. 

Preliminary    Experiments   on    the  Modification    of  the 
Composition  of  Coal 

During  the  coal  famine  of  1902,  mainly  centering  in  the  anthra- 
cite regions,  but  affecting  all  parts  of  the  United  States  to  a  greater 
or  less  extent,  certain  experiments  were  begun  here  in  the  chem- 
ical laboratory  of  the  University  of  Illinois,  suggested,  or  at  least 
stimulated  by  the  events  of  that  year.  These  experiments  had  in 
mind  the  possible  modification  of  bituminous  coal  in  such  a  manner 
as  to  eliminate  largely  the  constituents  which  tend  to  produce 
smoke  in  combustion  and  which  would  consequently  give  to  the 
material  the  essential  properties  of  anthracite  or   semi-anthracite 
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coal.  The  results  were  first  published  in  the  Year  Book  of  the 
Illinois  State  Geological  Survey  for  1906,  under  the  title,  "The 
Anthracizing  of  Bituminous  Coal,"1  and  when  tabulated  showed  a 
possible  increase  in  the  fixed  carbon  of  25  per  cent  and  over. 
These  experiments,  however,  were  of  a  preliminary  type  and  took 
no  account  of  the  composition  of  the  evolved  gases  nor  of  the 
varying  effects  that  might  be  produced  by  different  kinds  of 
atmosphere.  The  fact  that  there  was  a  decided  increase  in  the 
percentage  of  fixed  carbon  furnished  sufficient  ground  for  interest 
and  a  desire  to  know  the  ultimate  possibilities  in  this  direction. 

In  continuing  these  experiments, therefore, the  preliminary  work 
already  referred  to  indicated  in  a  general  way  the  type  of  ap- 
paratus needed  and  the  conditions  under  which  further  tests  should 
be  made.  It  was  evident  that  for  a  proDer  study  of  the  changes 
taking  place  some  tests  must  be  made  in  a  non-oxidizing  at- 
mosphere while  others  should  introduce  that  condition  in  order  to 
demonstrate  the  effect  on  the  various  reactions  involved. 

Mr.  Deane  Burns2,  in  his  thesis  investigations,  had  made  use 
of  a  small  metal  cylinder  of  six  to  eight  grams  capacity,  which 
was  brought  under  temperature  control  by  being  fitted  into  a  hot 
air  bath.  With  this  device  some  attempt  was  made  to  govern  the 
kind  of  atmosphere  in  which  the  distillation  should  proceed.  In 
the  tests  herein  recorded,  a  larger  furnace  with  definite  circula- 
tion of  atmosphere  was  provided  as  in  the  description  below. 

Experimental  Work 

first  series:  nitrogen  atmosphere 

The  first  series  of  experiments  was  made  in  a  non-oxidizing 
atmosphere  in  order  to  eliminate,  as  far  as  possible,  those  varia- 
bles which  would  result  from  oxidation.  While  this  would  be  an 
extreme  condition,  and  one  not  possible  as  an  industrial  feature, 
for  experimental  purposes  it  would  admit  of  the  study  of  actual 
changes  taking  place  as  a  result  of  heat  alone.  For  this  purpose, 
therefore,  nitrogen,  free  from  carbon  dioxide  and  oxygen,  was  em- 
ployed. This  gas  was  prepared  from  air,  as  suggested  by 
Hulett;\  The  apparatus  and  amount  of  material  were  slightly 
modified,  in  order  to  permit  of  easy  observation  of  the  process. 
As  claimed  by  the  author,  it  is  not  difficult  by  this  method  to  pre- 

'in.  State Geol.  Suit.  Bulletin  No.  4.  Year  Hook.  1906.  p.  196. 
■Burns,  Univ.  ol  in.  Thesis,  Class 

3Jour.  Amer.  Chem.  Soc.  27.  1 115:  1006, 
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pare  large  quantities  of  nitrogen,  and  at  a  rapid  rate,    when  once 
the  operation  is  under  control. 

Apparatus. — The  essential  parts  of  the  apparatus   are   shown 
in  Fig.  1. 


Apparatus     for   Preparing     (Nitrogem 
Fig.   I 

A.  A.  is  an  ordinary  combustion  tube,  2  cm.  or  over  in  diam- 
eter and  1  meter  long;  B  is  40  cm.  of  loosely  rolled  copper  gauze; 
D  is  35  cm.  of  copper  oxide,  the  wire  or  gauze  form  preferred;  E  is 
made  from  a  piece  of  hard  glass  tubing;  Fis&  small  porcelain  tube 
or  pipe  stem  (a  Rose  crucible  stem  was  used  in  our  apparatus); 
G  is  a  thick  piece  of  asbestos  board  for  protecting  the  stopper  G 
from  the  heat:  the  wash  bottles  K  and  Kl  are  half  filled  with  water 
and  serve  to  indicate  the  speed  with  which  the  air  and  hydrogen 
are  being  admitted.  The  generator  H,  devised  by  Messrs. 
McClure  and  Barker1,  needs  but  little  description.  The  reser- 
voir for  dilute  hydrochloric  acid  is  placed  about  2  meters  above 
the  table,  the  flow  being  controlled  by  stop  cock  S1;  J"  serves  as  a 
reservoir  for  the  spent  acid  which  siphons  over  from  the  genera- 
tor. 

The  nitrogen  was  used  as  soon  as  possible  after  preparation 
and  when  analyzed,  was  found  to  be  free  from  hydrogen  and  car- 

TChem.  Eng.  6.   109;  1907. 
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bon  dioxide,  with  but  a  very  slight  trace  of  oxygen,  which  may  have 
been  due  to  oxygen  dissolved  in  the  water  of  the  gasometer. 

The  apparatus  used  for  the  experiments  on  coal  is  shown  in 
Fig.  2.  It  consists  of  an  iron  retort  placed  in  an  oven,  which  is  en- 
cased in  asbestos.  An  exit  tube  leads  into  two  flasks,  kept  cold 
with  running  water,  which  serve  for  collecting  the  liquid  products 
of  distillation.  These  flasks  with  their  connections  were  weighed 
before  each  experiment;  the  increase  in  weight  was  called  water 
and  oil.  The  quantities  of  water  and  oil  were  determined  later 
by  separation.  Beyond  these  is  shown  the  safety  flask,  used  to 
check  any  backward  flow  of  water  from  the  gas  bottles  into  the 
condenser  flasks.     The  details  of  the  retort   are  shown  in  Pig.  3. 


Retort   for  Low-Temperature 

Coal    Distillation 

Fig.  3 


Temperatures  were  indicated  by  a  mercury  thermometer, 
with  carbon  dioxide  under  pressure  above  the  mercury  to  admit 
of  high  temperature  readings.  This  thermometer  was  protected 
by  a  glass  tube,  which  was  sealed  into  the  retort  by  means  of  a 
piece  of  thick  rubber  tubing,  being  first  pulled  over  it,  and  then 
over  the  end  of  the  retort  as  shown  in  Fig.  3.  This  system 
permitted  the  thermometer  to  be  withdrawn  for  readings  without 
disturbing  the  atmosphere  in  the  retort. 

Material. — The  bituminous  coal  used  for  this  series  of  tests 
was  a  sample  of  No.  7  coal  from  Williamson  Co.,  Illinois  (Carter- 
ville),  and  was  marked  No.  686,  for  identification  in  this  labor- 
atory.    It  had  the  following  composition:- 
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No.  686 

Moist    Coal 

Dry  Coal 

Moisture 

6.53 

Ash 

7.76 

8.30 

Volatile  Matter 

33.86 

36.23 

Fixed  Carbon 

51.85 

55.47 

Sulphur 

2.10 

2.24 

B.  t.  u.  per  lb. 

12380 

13244 

B.  t.  u.  Ash,  Water,  and 

Sulphur  Free  Basis 

14567 

The  dry  ash,  8.30  per  cent,  as  shown  in  the  above  table,  was 
used  as  a  standard  condition  for  reference.  The  results  of  the 
proximate  analyses  were  calculated  to  the  dry  basis  by  subtract- 
ing the  percentage  of  moisture  from  100,  dividing  the  remainder 
into  each  amount  and  multiplying  by  100  to  read  as  per  cent. 

51.85  per  cent  Fixed  Carbon 


(100-6.53) 


X    100 


_  55.47  per  cent  Fixed  Car- 


bon, Dry  Basis. 

The  formula  for  calculating  the  B.  t.  u.  in  terms  of  "corrected" 
ash  and  water  free,  i.  e.,  ash,  water  and  sulphur  free  basis,1 
may  be  expressed  as  follows: 

B.  t.  u.-(Weightof  Sulphur  X  4050)  _  b.  t.  u.  per  lb.   Unit 

100 -(Ash  +  H20  +  I  S.)         X   iU0  "  Coal. 

Example. 

12380  -  (.0210  X  4050) 


X  100 


14567   B.   t.  u.  per  lb. 
Unit  Coal. 


100 -(7.76  +  6.53  +  (f  S  X  2.10) 

Operation,  Mechanical. — In  preparing  the  sample  for  this  ser- 
ies, a  large  quantity,  about  40  pounds,  of  the  air-dried  coal  was 
crushed  to  buckwheat  size,  thoroughly  mixed  and  divided  into 
several  portions,  each  lot  being  numbered  to  correspond  with  the 
test  in  which  it  was  to  be  used. 

The  operation  may  be  described  as  follows:  The  portion  of 
coal,  usually  something  over  2000  grams,  was  placed  in  the  re- 
tort, Fig.    3. 

The  head  of  the  retort  was  brought  to  place  by  the  screws 
shown,  and  a  perfect  seal  secured  by  means  of  asbestos  packing 


Mour.  Amer.  ('hem.  Soo.  88,  B8S;  h)<>6. 
Trans.  Amer.  Inst.  Min.  Eng.  Bulletin  No.  19.  49;  1908. 
'The  expression  "Unit  Coal"  is  here  used  to  denote  the  ash.  irate 
material. 


and  sulphur   free 
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moistened  with  water.  The  apparatus,  when  connected,  was 
thoroughly  tested  for  leaks.  In  order  to  wash  out  the  air  and 
to  furnish  an  inert  atmosphere,  nitrogen  was  admitted  until  the 
gas  at  the  exit  tube  would  no  longer  support  combustion;  usually 
about  15  liters  were  required.  Heat  was  then  appHed  and  the 
evolved  gases  collected  in  the  gas  holders,  two  of  these  always 
being  attached,  one  cut  off  and  held  in  reserve  to  be  used  in  case 
there  should  be  an  extra  amount  of  gas  suddenly  evolved  or  when 
the  first  was  filled. 

The  retort  was  turned  by  hand  every  minute  or  two  during 
the  operation.  The  exit  tube  was  polished  and  coated  with  pow- 
dered graphite  in  order  to  permit  of  its  turning  readily  within 
the  rubber  tubing  which  leads  to  the  condenser  flasks.  When  the 
experiment  was  completed  the  retort  was  disconnected  from  the 
rest  of  the  apparatus,  then  sealed  with  rubber  stoppers  and  slow- 
ly cooled.  The  gas  holders  and  the  flasks  were  closed  by  means 
of  the  pinch  cocks  shown  in  the  illustration,  Fig.  2. 

Operation,  Analytical. — The  gasholders  were  sealed  when  full, 
the  time  and  temperature  recorded  and  the  bottle  marked.  The 
amount  of  gas  was  easily  obtained  as  the  capacity  of  each  bottle 
had  been  determined.  Each  sample  was  carefully  analyzed  ac- 
cording to  the  methods  devised  by  Hemple.1 

It  may  be  advisable  to  mention  that  if  the  fuming  sulphuric 
acid  for  the  determination  of  illuminants  shows  a  tendency  to 
crystallize,  slight  warming,  or  better,  dilution  with  water,  will 
prevent  this.  Experiments  seem  to  indicate  that  if  this  diluted 
acid  will  produce  fumes  and  a  hissing  sound  when  added  to  water, 
it  will  absorb  the  heavy  hydrocarbons.  It  may  be  of  sufficient 
strength  even  when  diluted  with  one-third  its  volume  of  water. 

The  coal  before  treatment  and  also  the  residue  were  ana- 
lyzed according  to  the  method  recommended  by  the  committee 
on  coal  analysis  appointed  by  the  American  Chemical  Society2. 
The  samples  of  coal  as  freshly  taken,  were  air-dried  for  twenty- 
four  hours,  carefully  sampled,  then  powdered  sufficiently  to  pass 
a  60-mesh  sieve.  The  method  for  moisture  was  slightly  modified 
as  follows:  1  gram  was  weighed  into  a  small  bottle,  especially 
designed  for  the  purpose3,  provided  with  a  ground  glass  stopper 
which  fits  over  the  outside  edge  of  the   bottle,    thus    preventing 


lHemple's  Gas  Analysis,  Trans.     Dennis. 
2Jour.  Amer.  Chem-  Soc.  21.  1130;  1^99. 
3I11.  Geol.  Surv.  Bulletin  No.  4,  195;  1907. 
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loss  of  material  by  contact  with  the  ground  glass  surface  when 
the  dry  coal  is  brushed  out  for  the  ash  or  other  determination. 
The  bottle  and  contents  were  placed  in  a  toluene  bath,  the  cover 
removed  and  the  sample  dried  for  1  hour  at  105°  C,  the  cover 
replaced  and  put  in  a  desiccator  until  cold. 

The  following  table  shows  the  conditions  under  which  each 
test  was  conducted: 

TABLE  1 

Test  Conditions:  Carterville  Coal;  No.  686  and  791 
Atmosphere  of  Nitrogen 


Test  No. 

1 

2 

3 

4 

5 

6 

7 

8 

Weight  of  Coal  in  grams 

2247 

2278 

2250 

2465 

2371 

2400 

2120 

2500 

Size  of  Coal 

B.* 

B.* 

B.* 

B* 

B.* 

B.* 

B.* 

Nut 

Period  of  Observation 

2hr. 

2  hr. 

20  m. 

2  hr. 

L  hr. 

50  m. 

4  hr. 

6  hr. 

3  hr. 

6  hr. 

Total  time  of  Treatment 

3hr. 

3  hr. 

3hr. 

2  hr. 

4  hr. 

7  hr. 

5  hr. 

8  hr. 

10  m. 

40  m. 

40  m. 

30  m. 

20  m. 

Lowest  Temperature 

214° 

221° 

204° 

243° 

208° 

339° 

369° 

364° 

Highest  Temperature 

286° 

310° 

299° 

358° 

316° 

375° 

431° 

400° 

Average  Temperature 

270° 

292° 

277° 

336° 

299° 

367° 

402° 

381° 

The  figures  at  the  top  of  the  columns  indicate  the  number  of 
the  test.  The  period  of  observation  is  the  time  during  which 
the  heat  was  maintained,  as  nearly  as  possible,  at  the  desired 
temperatures.  The  total  time  of  treatment  includes  the  period 
of  observation  and  the  time  required  to  bring  the  apparatus  up 
to  the  desired  temperature.  The  highest  and  lowest  tempera- 
tures indicate  the  extremes  which  were  recorded  during  the  per- 
iod of  observation. 

In  the  tables  below,  No.  2a  and  2b,  the  actual  values  of  the  re- 
sulting product  are  given,  in  comparison  with  values  for  the  orig- 
inal coal,  in  order  to  show  the  entire  alterations  which  have 
occurred. 
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TABLE  2a 
Proximate  Analysis  op  the  Residue  Compared  with  that  of 
The  Original  Coal.    Sample  No.  686 
Atmosphere  of  Nitrogen 


Orig. 
Coal 

1 

2 

3 

4 

5 

6 

7 

Average   Temperatures 

270° 

292° 

277° 

336° 

299° 

367° 

402° 

Moisture 

6.53 

1.79 

1.01 

1.53 

1.44 

1.00 

0.70 

1.25 

Ash 

7.76 

8.71 

8.85 

8.85 

8.96 

8.48 

9.20 

10.85 

Volatile   Matter 

33.86 

33.93 

33.58 

34.52 

30.37 

34.13 

25.34 

19.95 

Fixed  Carbon 

51.85 

55.57 

56.56 

55.10 

59.23 

56.39 

64.76 

67.95 

Sulphur 

2.10 

2.03 

2.08 

2.08 

1.56 

1.98 

1.98 

1.72 

B.  t.  u. 

12380 

12946 

13092 

12980 

13232 

13282 

13133 

12836 

TABLE  2b 

Proximate  Analysis  of  the  Residue  Compared  with  that  of 

The  Original  Coal.    Sample  No.  791 

Atmosphere  of  Nitrogen 


Average  Temperature 
Moisture 
Ash 

Volatile   Matter 
Fixed  Carbon 
Sulphur 
B.  t.  u. 


Test    No.  8 


381° 
0.44 
10.40 
23.73 
65.43 
1.51 
13192 


In  the  above  tables,  No.  2a  and  2b,  the  advantages  exhibit- 
ed in  the  product,  in  comparison  with  the  original  coal,  are  ex- 
aggerated by  reason  of  the  large  loss  of  moisture.  It  is,  there- 
fore, misleading  as  an  index  of  actual  chemical  transformations, 
but  it  does  give,  however,  a  correct  relative  indication  of  values 
in  the  treated  condition.  For  example,  the  resulting  product,  in 
tests  4,  5,  6  and  8,  shows  a  relative  increase  in  B.  t.  u.  of  from  6 
to  7  per  cent. 

In  order  to  arrive  at  an  appreciation  of  the  actual  changes 
that  have  taken  place,  the  various  constituents  must  be  calculated 
to  some  common  unit  for  comparison.  This  has  been  done 
in  Tables  3a  and  36,  where  the  unit  employed   has  been  the  orig- 
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inal  ash  content  of  the   coal   reduced   to  the  dry   or   water  free 

basis. 

TABLE  3a 

Resulting  Constituents  Compared  with  Unit  Ash.  Dry  Basis 

Carterville  Coal.    Sample  No.  686 

Atmosphere  of  Nitrogen 


3  O^ 

disc 


Test  Numbers 


1 

2 

3 

4 

270° 

292° 

277° 

336° 

8.30 

8.30 

8.30 

8.30 

32.33 

31.19 

32.38 

28.13 

52.95 

53.05 

51.68 

54.87 

1.92 

1.95 

1.93 

1.45 

12366 

12278 

12173 

12257 

14583 

11639 

14601 

14859 

Average  Temperature 
Ash 

Volatile  Matter 
Fixed  Carbon 
Sulphur 
B.  t.  u. 

B.  t.  u.  on  Unit  Coal* 
Basis 


8.30 
36.23 
55.47 

2.24 
13244 
14567 


299°     367° 

8.30  !  8.30 

33.38   22.86 

55.05   58.43 


1.94 
13000 
14783 


1.89 
11847 

14688 


402° 
8.30 
15.26 
51.98 
1.32 
9819 
14702 


*By  Unit  Coal  is   here  meant  the   ash  and  water    free  basis   corrected  for   sulphur  as 
on  p.  18. 

TABLE  3b 

Resulting  Constituents  Compared  With  Unit  Ash,  Dry  Basis 

Carterville  Coal.   Sample  No.  791. 

Atmosphere  of  Nitrogen 


Test  No.  8 


Values    be- 
fore Heat- 
ing, Dry 
Coal 


Values     af- 
ter Heating. 
Referred  to 
Unit  Ash 


Average  Temperature 

381° 

Ash 

9.52 

9.52 

Volatile  Matter 

37.00 

21.70 

Fixed  Carbon 

53.47 

59.88 

Sulphur 

2.23 

1.38 

B.  t.  u. 

13290 

12076 

B.  t.  u.  on  Unit  Coal 

14819 

14S87 

Basis 

In  these  tables  it  is  assumed  that  by  taking  a  unit  ash,  for 
example,  H.30  per  cent,  or  the  amount  present  in  the  oven-dry  coal 
before  treatment,  and  calculating  the  relative  amounts  of  the 
several  constituents  to  this  unit  as  a  basis,  an  indication  would 
thus  be  made  of  the  actual  changes  produced  in  the  several  ini- 
tial values.     Thus,  at  all  temperatures,  there  is  an  actual  decrease 
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in  the  volatile  matter  which  becomes  marked  in  the  higher  tem- 
peratures, viz.,  in  tests  No.  4,  6,  7  and  8,  or  from  a  range  of  330° 
to  400°  C.1 

In  tests  4  and  8,  a  positive  increase  of  fixed  carbon  is  shown, 
while  in  all  cases  a  reduction  in  heat  values  is  indicated.  This  re- 
duction is  accounted  for  by  the  hydrocarbon  values  represented 
in  the  gaseous  and  oil  products  of  distillation.  Especial  attention 
should  be  directed  to  the  last  line,  showing  the  heat  values  calcu- 
lated to  the  unit  coal  basis.  These  values  show  a  consistent  in- 
crease throughout.  A  tentative  explanation  is  offered  in  that  the 
oxygen  and  nitrogen  compounds  of  the  volatile  matter  have  been 
more  largely  driven  off  than  was  the  case  with  the  hydrocarbon 
compounds.  If  the  loss  in  volatile  matter,  as  shown,  had  been 
chiefly  that  of  the  marsh  gas,  (CH4),  series,  a  reduction  in  heat 
values  for  unit  coal  must  result.  If,  however,  the  loss  is  made  up 
of  water  of  composition,  there  would  be  a  relative  increase  in  the 
heat  content  of  the  residual  coal.  The  weight  of  water  condens- 
ing in  the  flasks  and  separated  from  the  oil,  showed  in  each  test 
an  increase  over  the  possible  amount  which  could  come  from  the 
free  water  present.  The  increase  amounted  to  3  per  cent  in  test 
No.  4;  4i  per  cent  in  test  No.  6;  and  a  little  less  than  3  per  cent 
in  test  No.  7.  These  figures  must  represent  the  percentage  of  de- 
crease in  the  water  of  composition.  A  loss  of  2  per  cent  in  this 
constituent  would  raise  the  B.  t.  u.  factor,  referred  to  the  unit 
coal  basis,  from  14567  to  14864.  This  would  seem  to  warrant  the 
conclusion  that  a  loss  of  water  of  composition  occurs.  This  is  an 
important  point  to  further  substantiate,  as  it  is  a  fundamental 
feature  of  this  investigation  to  develop,  as  nearly  as  may  be,  the 
conditions  which  govern  the  various  decomposition  processes. 

In  order  to  arrive  at  a  further  appreciation  of  the  actual 
changes  that  have  taken  place,  the  alterations  in  the  several  con- 
stituents have  been  calculated  to  a  percentage  gain  or  loss  of  their 
original  values  as  presented  in  Table  4,  as  below.  From  the 
table  it  will  be  seen  that  the  actual  loss  in  volatile  matter  has  been 
accompanied  in  the  higher  temperatures,  as  shown  in  tests  6  and 
8,  with  an  actual  increase  of  fixed  carbon.  The  decrease  in  the 
heat  units  of  the  product  is  not  an  actual  loss  but  is  represented 
by  corresponding  values  in  the  combustible  gases  as  shown  in  a 
succeeding  table,  No.  5. 


'Centigrade  degrees  are  used  throughout  i      his  discussion.  C°  x  1.8  +  32  =  F° 
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TABLE  4 

Loss  or  Gain  of  Constituents  Calculated  as  Percentage  of 

Original  Values  for  Each 

Atmosphere  of  Nitrogen.    Samples  No.  686  and  791 


No. 

of 
Test 


Vola- 
tile 
Matter 


«  ™ur 


Weight, 

Yield 

B.  t.  u. 

Ash  and 
Water 

per  100 
lbs.  Dry 

Free 

Coal 

6.63 

7.00 

93.58 

7.29 

7.81 

92.84 

8.09 

8.33 

92. 3S 

7.45 

9.49 

91.30 

1.84 

3.57 

96.73 

10.54 

11.35 

89.59 

25.86 

26*68 

75*54 

9.14 

9.84 

91.10 

Aver- 
age 
Temper- 
ature 


Loss 

10.75 

4.56 

Loss 

13.08 

4.38 

Loss 

10.63 

6.85 

Loss 

22.35 

1.08 

Loss 

7.86 

.76 

Loss 

36.90 

Gain 

5.34 

Loss 

57.88 

6.30 

Loss 

41.35 

Gain 

11.99 

14.28 
12.94 
13.85 
35.27 
13.39 
15.62 


41.11 

38.12 


270°C 
292° 
277° 
336° 
299° 
367° 

402° 
381° 


The  character  of  the  gas  may  be  judged  from  the  analyses 
given  below,  Table  5.  No  attempt  was  made  to  collect  all  the 
gas  produced  before  Test  No.  6.  Although  samples  were  taken 
and  analyzed,  they  were  not  considered  representative  of  the  total 
volume,  so  are  not  given.  The  figures  given  below  were  obtained 
by  averaging  the  analyses  of  each  portion  evolved. 

TABLE  5 
Composition  of  Gas  as  Shown  by  Averaging  Analyses  of  Portions 

Given  off 
Atmosphere  of  Nitrogen 


Test   No. 

6 

7     ' 

8 

Temperature 

339°C 

369° 

381° 

Period  of  Observal  ion 

6  hr. 

3  lir. 

6  hr. 

Carbon  Dioxide  and 
Hydrogen  Sulphide 

21.85 

17.33 

12.58 

Illuminants 

8.6*7 

9.54 

L0.48 

Oxygen 

0 

0 

0 

Carbon  Monoxide 

8.42 

7.66 

6.96 

Mel  liane 

2.52 

32.66 

28.01 

Bydrogen 

L.99 

2.:;: 

2.07 

Nitrogen 

56.54 

29.91 

39.50 

Volume  of  Gas  Evolved 

IT  L. 

50  I.. 

45  L. 
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Experimental  Work 
second  series:  steam  atmosphere 

In  this  series,  the  atmosphere  of  nitrogen  was  replaced  by- 
one  of  steam.  Presumably  this  also  would  be  a  non-oxidizing  atmos- 
phere, but  the  opportunity  to  study  the  action  of  steam  directly, 
at  the  temperatures  employed,  as  well  as  to  compare  the  action 
with  that  where  nitrogen  was  used,  was  deemed  of  sufficient  im- 
portance to  arrange  for  this  series  as  given  below. 

The  apparatus  was  setup  as  shown  in  the  illustration,  Fig.  2. 
The  steam  was  generated  from  distilled  water,  and  conducted 
directly  into  the  retort,  which  was  maintained,  as  before,  at  the 
desired  temperature  by  means  of  gas  burners,  the  retort  being 
frequently  turned  on  its  axis.  The  coal  treated  was  from  the 
same  mine  as  that  used  for  the  previous  series.  The  composition 
of  the  samples  is  shown  by  the  following  analysis: 


No.  1056 

Moist    Coal 

Dry  Coal 

Moisture 

3.28 

Ash 

8.44 

8.72 

Volatile  Matter 

36.83 

38.07 

Fixed  Carbon 

51.45 

53.19 

Sulphur 

2.49 

2.57 

B.  t.  u. 

12868 

13304 

B.  t.  u.,  Unit  Coal  Basis 

14605 

The  conditions  under  which  this  test  was  made  are  indicated 
below. 


Coal 

No. 

Test 
No. 

Size  of 
Coal 

Weight 
of  Coal 

2  > 
O 

q  <V 

o  ^ 

>  s* 

CD 
H 

1056 

1 

Buck- 
wheat 

2400  g. 

2  hr. 

3  hr. 
40  min. 

366° 

386° 

381° 

These  results  are  very  similar  to  those  obtained  in  an  atmos- 
phere of  nitrogen.  It  is  to  be  noted  that  there  is  a  relative  in- 
crease in  fixed  carbon,  (51.45  to  61.47)  as  also  an  actual  increase 
(53.19  to  55.79).     The  relative  heat  values  are  higher  after  treat- 
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TABLE  6 

Constituents  of  the  Residue  Compared  with  those  of  the 

Original  Coal 

Atmosphere  of  Steam.    Temperature  381°  C. 


Proximate 
Before 

Analyses 
After 

Unit  Ash  Basis 

Before 

After 

Moisture 

3.28 

0.28 

Ash 

8.44 

9.64 

8.72 

B.72 

Volatile  Matter 

36.83 

28.51 

38.07 

25.78 

Fixed  Carbon 

51.45 

61.57 

53.19 

55.79 

Sulphur 

2.49 

2.37 

2.57 

2.14 

B.  t,  u. 

12868 

13221 

13304 

11959 

B.  t.  u.,  "Unit  Coal" 

14605 

14813 

ment,  but,  when  calculated  to  unit  ash  (8.72  per  cent)  the  value  is 
lower;  the  loss  being  represented  by  the  hydrocarbons  of  the 
gases  distilled.  An  interesting  verification  of  the  previous  results 
is  also  shown  in  the  B.  t.  u.  calculated  to  unit  coal.  Here,  again, 
it  seems  probable  that  the  loss  in  volatile  matter  was  greater  in 
non-combustible  constituents  than  in  hydrocarbons.  No  approxi- 
mation could  be  made  in  this  test  of  the  amount  of  water  of  com- 
position recovered,  because  of  the  additional  water  due  to  the  con- 
densation of  the  steam.  The  additional  weight  of  condensation 
would  represent  8.30  per  cent  of  water.  In  further  experiments 
with  a  steam  atmosphere,  it  may  be  possible  to  make  a  record  of 
the  amount  of  condensation  from  the  steam  introduced. 

TABLE  7 

Analysis  of  Gas  Evolved  From  The  Coal  Under  an  Atmosphere 
of  Steam 


<x» 

i> 

A 

cc 

a 

6 

2§ 

c  s 

o 

C 

C 

o 

o 
c 

c 

bo 

c 

c 
be 

c 

-  a 

PC 

13 

9 

o  C 

"C  & 

-S  a 

X 

£ 

#n 

— 

-a 

^; 

o 
O 

0> 

- 

0 

3 

c3 

* 

>> 

fe 

o 
> 

H 

0* 

o 

H 

O 

L05fl 

381° 

2  lir. 

20.30 

12.10 

0.80 

7.30 

9.60 

20.60 

0 

29.30 

37 
L. 
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Experimental  Work 
third  series:  oxygen  atmosphere 

The  operation  was  the  same  as  in  the  previous  series,  except 
that  an  atmosphere  of  pure  oxygen  was  supplied  during  the  en- 
tire period  of  heating. 

Material. — The  coal  treated  was  of  the  same  character  as  No. 
686,  and  from  the  same  mine,  with  the  composition  shown  in  the 
following  analysis. 


No.  791 

Moist  Coal 

Dry  Coal 

Moisture 

6.13 

Ash 

8.27 

8.81 

Volatile  Matter 

34.59 

36.84 

Fixed  Carbon 

51.01 

54.21 

Sulphur 

2.06 

2.19 

B.  t.  u.  per  lb. 

12443 

13290 

B.  t.  u.,  Unit  Coal  Basis 

14819 

The  following  table  shows  the  conditions  under  which  this 
series  was  conducted. 

TABLE  8 

Test  Conditions.    Carterville  Coal.     Sample  No.  791 

Atmosphere  of  Oxygen 


Test  No. 

1 

2 

3 

4 

Weight  of  Coal 

Size  of  Coal 

Period  of  Observation 

Total  time  of  Treatment 

Lowest  Temperature 

Highest  Temperature 

Average  Temperature 

2350  g. 
Buckwheat 
3hr.  10  min. 
4hr.  20  min. 

249° 
290° 
279° 

2200  g. 
Buckwheat 
4  hr. 
5hr.  15  min. 

328° 
358° 
346° 

2000  g. 
Buckwheat 
4hr.  20  min. 
5  hr.  30  min. 

346° 

404° 

379° 

2350  g. 
Buckwheat 
4  hr. 
6hr. 

349° 

402° 

375° 

The  composition  of  the  coal  before  and  after  treatment  in  an 
atmosphere  of  oxygen  under  the  conditions  as  indicated,  is  shown 
in  Table  9. 

A  feature  to  be  noted  in  this  series  is  the  fact  that,  at  a  tem- 
perature of  279  °C,  only  a  small   amount    of  decomposition  has 
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TABLE  9 

Proximate  Analysis   Of  The  Residue  Compared  With  The  Original 

Coal.    Sample  No.  791 

Atmosphere  of  Oxygen 


Test  No. 


Be- 
fore 


After 


Be- 
fore 


After 


Be- 
fore 


After 


Be- 
fore 


After 


Average  Temperature 


279° 


346° 


379° 


375° 


Moisture 

Ash 

Volatile  Matter 

Fixed  Carbon 

Sulphur 

B.  t.  u. 


6.13 

8.27 

34.59 

51.01 

2.06 


0.82 

8.61 

35.06 

55.51 

2.07 


12565    13027 


5.99 

8.26 

36.01 

49.74 

1.98 

12600 

0.82 

8.90 

30.80 

59.48 

1.92 

13251 


5.97 

0.75 

5.03 

8.01 

9.67 

8.10 

35.19 

21.25 

34.01 

50.83 

68.33 

52.86 

2.04 

1.94 

2.07 

12600 

13152 

12750 

0.46 
9.68 
25 .  27 
64.59 
2 .  25 
13217 


taken  place,  or,  in  other  words,  the  change  in  the  constituents  is 
about  that  which  would  result  from  the  removal  of  the  moisture. 
At  846°,  as  in  test  No.  2,  a  positive  decomposition  has  occurred. 
It  would  seem,  moreover,  that  oxidation  had  played  a  consider- 
able part  in  the  changes,  as  may  be  inferred  by  a  reference  to 
the  composition  of  the  gases  from  this  test,  shown  in  Table 
11.     The  same  statements  may  also  be  made  in  connection  with 

tests  No.  3  and  4. 

TABLE  10 

Kesulting  Constituents  Compared  With  Unit  Ash,  Dry  Basis 

Atmosphere  of  Oxygen 


Test  No. 


Average  Temperature 


Ash 

Volatile  Matter 

Fixed  Carbon 

Sulphur 

B.  t.  u. 

B.  t .  u.,  Unit  Coal  Basis 


1 


Be- 
fore 


After 


279° 


8.81 
36.84 
54.21 

2.19 
L3385 
L4819 


Be- 
fore 


After 


346° 


Be-   i,fl(M.    Be- 
fore ■AUl  '    fore 


After 


379 


375 


8.81 
35.81 
56.80 

2.  oo 

13330 
L4497 


B.78 
38.30 
52.90 

2.10 
L3403 
14813 


8.78 

B.52 

30.38 

37.41' 

58.69 

5  LOB 

L.88 

2.16 

13072 

L3399 

L4788 

L4768 

B.52 
L8.72 
60.20 

1.71 
L1588 
L4793 


35.81 

2.17 

L3425 


B.52 
22.20 

2.98 
11633 


L4800    L4838 
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In  this  table  as  in  tables  No.  3a  and  3b,  ash  is  used  as  the 
basis  of  comparison  in  order  to  show  the  actual  variation  produced 
in  the  several  factors.  Since  the  samples  were  not  identical,  a 
slight  variation  in  ash  makes  it  necessary  to  compare  the  "before" 
and  "after"  values  for  each  test.  It  is  interesting  to  note  that  in 
an  atmosphere  of  oxygen,  the  same  general  characteristics  are 
evident  as  in  Series  1  and  2.  This  additional  fact  is  to  be  noted.  An 
examination  of  the  gas  values  as  given  in  Table  11  shows  a  high 
percentage  of  C02  for  tests  No.  2,  3,  and  4.  This  indicates  a  di- 
rect oxidation  at  the  temperatures  employed.  The  amount  of  ox- 
idation would  doubtless  be  in  proportion  to  the  volume  of  oxygen 
admitted. 

TABLE  11 

Composition  Of  Gas  As  Shown  By  Averaging  Analyses  Of  Portion 

Given  Off 

Atmosphere  of  Oxygen 


Test  No. 

1 

2 

3 

4 

Average  Temperature 

279° 

346° 

379° 

375° 

Period  of  Observation 

4hr. 

4hr. 

4ihr. 

3  hr. 

Carbon  Dioxide  and  Hydro- 

5.25 

20.80 

12.73 

13.84 

gen  Sulphide 

Illuminants 

0.00 

2.50 

3.53 

4.24 

Oxygen 

13.80 

10.40 

9.27 

7.68 

Carbon  Monoxide 

2.50 

6.60 

4.74 

6.64 

Methane 

7.20 

12.27 

13.68 

15.16 

Hydrogen 

0 

0 

0 

0 

Nitrogen 

71.25 

47.43 

56.05 

52.44 

Volume  of  Gas  Evolved 

12L. 

23  L. 

50L. 

45  L. 

The  composition  of  the  gas  from  one  representative  test  in 
each  series  has  been  charted  in  Pig.  4,  5,  and  6.  These  charts 
are  intended  to  represent  the  analyses  of  different  portions  of  the 
gas,  the  equal  divisions  being  arbitrary.  The  temperatures  given 
are  those  recorded  when  the  receiver  was  opened  for  collecting 
the  gas  and  when  it  was  filled;  or  in  other  words,  109°  to  184°. 
Fig.  4  indicates  that  the  first  portion  analyzed  was  evolved  dur- 
ing a  range  of  temperature  from  109°  to  184°;  the  second  portion 
from  184°  to  375°,  etc.  In  the  case  of  nitrogen,  (Fig.  4),  and 
steam,  (Fig.  5),  the  carbon  dioxide  shown  to  be  present  must  be 
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looked  upon  as  resulting  from  the  residual  oxygen  in  the  gases 
or  absorbed  by  the  coal  and  thus  being  available  when  a  suffi- 
ciently high  temperature  was  reached. 

Per  Cent    bv    Volume 


Fig.   i 
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Experimental  Work 
fourth  series:    oxidation  experiments 

A  review  of  all  the  data  up  to  this  point  makes  evident  cer- 
tain conditions  which  call  for  specific  investigation.  For  example, 
Tables  5,  7  and  11,  and  Fig.  1,4,  5  and  6  show  the  composition 
of  the  gases  given  off  in  atmospheres  respectively  of  nitrogen, 
steam  and  oxygen.  In  each  case  a  very  considerable  content  of  car- 
bon dioxide  is  present,  ranging  in  amount  from  12  to  27  per  cent. 

Per  Cent  bv  Volume 
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Of  related  interest  is  the  fact  that  in  some  of  the  tests  with  oxy- 
gen for  the  atmospheric  medium,  an  occasional  rise  of  the  temper- 
ature in  the  retort  was  noted,  seemingly  independent  of  the  ex- 
ternal source  of  heat.  This  fact  coupled  with  the  marked  amount 
of  carbon  dioxide  in  the  gaseous  product  was  positive  evidence  of 
active  oxidation  at  the  temperature   of   distillation.     These  facts 

Per    Cent    by   Volume 


Fig.  6 
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also  recalled  certain  phenomena  in  the  earlier  experiments  con- 
ducted in  a  Rose  crucible,  with  the  thermometer  bulb  passing 
through  the  cover  and  immersed  in  the  pulverized  coal.  At  a 
certain  temperature,  considerably  under  200°,  a  rise  of  the  mer- 
cury seemed  to  occur,  which  was  independent  of  the  external 
source  of  heat.  Among  the  tests  described,  where  oxygen  was 
the  atmosphere  used,  test  No.  4  showed  this  independent  rise  of 
temperature  in  a  marked  degree.  In  order  to  test  further  this 
evidence  of  oxidation,  it  was  decided  that  at  the  end  of  an  oper- 
ation, the  heat  should  be  turned  off  and  the  retort  allowed  to  cool 
slowly  until  a  drop  of,  say,  50°  had  been  recorded  by  the  thermom- 
eter. At  that  point  a  fresh  amount  of  oxygen  was  to  be  admitted 
and  the  temperature  noted.  Any  rise  of  the  thermometer  would  be 
proof  of  oxidation.  After  another  drop  of  50°,  the  test  was  to  be 
repeated  until  a  temperature  was  reached  where  no  rise  of  the 
mercury  would  occur  upon  the  readmission  of  oxygen.  This 
would  fix,  broadly  at  least,  the  temperature  at  which  active  oxi- 
dation began.  In  following  out  this  program,  the  end  temper- 
ature of  one  test,  (No.  4)  was  375°.  The  source  of  heat  was  re- 
moved and  the  retort  allowed  to  cool  to  343°.  Upon  the  read- 
mission  of  oxygen  copious  fumes  were  shown  at  the  exit  tube. 
The  thermometer  was  withdrawn  far  enough  to  make  a  reading 
which  showed  349°.  An  obstruction  seemingly  hindered  the  free 
movement  of  the  thermometer,  necessitating  its  withdrawal, 
which  was  accompanied  by  a  very  marked  additional  rise  of  the 
mercury.  The  thermometer,  moreover,  could  not  be  reintroduced, 
thus  making  necessary  the  dismantling  of  the  apparatus.  Upon 
opening  the  retort,  the  glass  tube  used  to  protect  the  thermometer 
was  found  to  have  been  fused  at  a  point  just  opposite  to  the  oxygen 
inlet.  By  reference  to  Fig.  3,  the  relative  positions  of  the  inlet  tube 
and  thermometer  may  be  seen.  Pine  particles  of  coal  had  sifted 
in  about  the  protecting  tube  and  furnished  the  material  for  the 
very  active  combustion  at  the  point  of  inlet  for  the  oxygen. 

These  facts  suggested  the  desirability  of  a  series  of  exper- 
iments wherein  careful  temperature  observations  could  be  taken 
with  some  means  provided,  also,  for  showing  the  presence  of 
carbon  dioxide,  with  a  further  possibility  in  the  matter  of  at- 
mospheric control  which  would  permit  the  use  of  oxygen,  steam, 
and  air.  These  conditions  were  obtained  in  the  following  series 
of  tests. 
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Apparatus. — The  apparatus  devised  for  the  first  tests  with 
oxygen  is  shown  in  Fig.  7,  and,  as  may  be  seen,  consisted  of  two 
towers  filled  with  solid  potassium  hydroxide,  and  three  washing 
bottles  partially  filled  with  a  50  per  cent  potassium  hydroxide  sol- 
ution. That  this  solution  thoroughly  removed  any  traces  of  carbon 
dioxide,  which  may  have  been  contained  in  the  oxygen,  was  proved 
by  means  of  solutions  of  barium  hydroxide  in  the  two  small  flasks, 
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Oxidation    of    Coal 
and 
Temperature    Measurements 

Fig.  7 


B'  and  B" .  A  round  1500  cc.  Jena  flask,  F,  served  as  a  heating 
chamber;  a  nickel  calorimeter  capsule,  (7,  for  holding  the  material 
to  be  tested,  was  firmly  fixed  in  a  loop  of  heavy  iron  wire  and 
suspended  in  the  flask.  Two  thermometers  were  used,  one,  T,  to 
indicate  the  temperature  of  the  gas,  (oxygen),  and  the  other,  T\ 
was  immersed  in  the  coal  within  the  capsule.  The  exit  tube  led 
the  products  into  a  test  tube,  B,  containing  a  freshly  prepared 
solution  of  barium  hydroxide. 

Normally,  it  would  be  expected  that  the  temperature  of  the 
surrounding  gas  would  be  slightly  higher  than  that  of  the  coal,  the 
loss  by  convection  and  poor  conductivity  being  shown  by  a 
slightly  lower  reading  of  the  thermometer  imbedded  in  the  coal. 
It  is  evident,  therefore,  that  any  relative  rise  in  temperature,  as 
shown  by  the  thermometer  T\  would  be  due  to  chemical  activity 
within  the  capsule.     By  charting  the  log  of  readings,  therefore, 


MODIFICATION   OF   ILLINOIS   COAL  35 

of  these  two  thermometers,  we  have  an  index  of  the  behavior  of 
the  coal.  This  plotting  of  the  carves  in  the  accompanying  charts, 
therefore,  shows  at  a  glance  the  stages  at  which  the  changes  occur, 
the  crossing  of  the  lines,  or  their  relative  directions,  being  due  to 
the  addition  or  removal  of  the  exterior  source  of  heat  or  to  the 
greater  or  less  activity  of  the  oxidation  process  within  the 
coal.  This  further  point,  however,  should  be  borne  in  mind, 
that  the  temperature  readings  of  the  coal  are  relative  as  in- 
dicating the  average  value  for  the  mass,  since  the  oxidation,  no 
doubt,  is  greater  at  the  surface  of  the  material,  and  the  ther- 
mometer bulb  must  pass  through  zones  of  higher  or  lower  tem- 
perature. 

Operation. — The  method  of  operation  was  as  follows:  Two 
grams  of  coal  were  placed  in  the  nickel  capsule  and  the  ther- 
mometers, etc.,  adjusted  as  described.  Oxygen  was  then  ad- 
mitted at  the  rate  of  approximately  150  bubbles  per  minute.  The 
flask,  F,  was  uniformly  heated  with  a  constantly  moving  Bunsen 
flame  and  readings  of  both  thermometers  were  recorded  every 
minute.  The  first  appearance  of  carbon  dioxide  was  noted  in  the 
test  solution,  B.  This  test  tube  was  changed  with  sufficient  fre- 
quency to  indicate  whether  or  not  the  evolution  of  carbon  dioxide 
was  continuous.  It  served  to  show  also  variations  in  quantity 
since  it  could  easily  be  told  by  the  rapidity  of  precipitation, 
whether  the  gas  was  increasing  or  diminishing  in  amount. 

By  referring  now  to  the  accompanying  charts,  the  continuous 
line  in  each  shows  the  reading  for  the  surrounding  gas  while  the 
dotted  line  gives  the  readings  for  the  mass  of  the  coal  in 
the  capsule.  It  may  be  said,  also,  that  the  readings  were 
taken  at  half  minute  and  minute  intervals,  but,  for  purposes 
of  the  charts,  since  the  directions  of  the  curves  were  not  altered 
thereby,  two  minute  intervals  are  indicated. 

For  convenience  in  charting,  the  results  of  any  phenomena 
occurring  between  room  temperature  and  those  indicated,  have 
not  been  employed.  In  most  instances,  however,  there  was  a 
slight  appearance  of  carbon  dioxide  at  about  30°;  this  disap- 
peared until  a  temperature  of  about  125°  was  reached.  From  this 
it  is  inferred  that  a  certain  amount  of  carbon  dioxide  was  occluded 
in  the  coal  and  was  driven  off  at  that  temperature;  therefore, 
the  first  appearence  of  that  gas  was  not  considered  to  be  the 
point  where  active  oxidation  began. 
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The  points  to  be  noted  are  as  follows:  The  crossing  of  the 
lines  frequently  occurs,  showing  that  positive  oxidation  of  the  coal 
is  taking  place.  If  we  examine  in  detail,  for  example,  Fig.  8, 
which  is  for  a  sample  of  Carterville  coal  in  a  finely  pulverized 
form,  at  the  point  indicated  by  the  first  cross,  (+)  or  125°,  there 
was  a  positive  appearance  of  carbon  dioxide  shown  by  the  barium 
hydroxide  solution.  This  appearance  of  carbon  dioxide  con- 
tinued until  a  temperature  of  155°  was  reached,  when  the 
chemical  activity  became  so  great  as  to  cause  a  much  more  pos- 
itive evolution  of  carbon  dioxide  and  a  very  rapid  rise  of  the 
thermometer  T';  at  168°,  as  indicated  by  the  delta,  A,  the  coal 
showed  the  presence  of  fire  and,  of  course,  thermometer  observa- 
tions could  no  longer  be  taken. 
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Fig.  9  is  a  repetition  of  the  previous  tests  as  shown  in  Fig. 
8,  except  that  the  coal  was  of  buckwheat  size  instead  of  powdered. 
Carbon  dioxide  first  appeared  at  an  indicated  temperature  of  112° 
as  shown  by  the  first  cross;  at  the  second  cross,  which  is  intended 
to  indicate  the  point  where  a  very  much  more  copious  evolution 
of  carbon  dioxide  appeared,  the  temperature   reading   was  147°. 

Bituminous    Coal.   —    buckwheat 
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This  rapid  evolution  of  carbon   dioxide   continued   over    a   much 
longer  space,  however,  and  the  activity  was  not  sufficiently  great 

Bituminous    Coau  —  Buckwheat 
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to  show  a  red  glow  within  the  coal  until  a  temperature  of  258° 
was  reached.  This  simply  shows  that  the  oxidation  could  proceed 
upon  the  finely  divided  coal  more  rapidly  than  upon  the  buck- 
wheat size.  A  duplicate  test  on  the  same  coal  showed  a  decided 
oxidation  at  138°,  but  the  coal  did  not  appear  to  be  on  fire  until  a 
temperature  of  300°  was  reached;  however,  the  general  character 
of  the  curve  for  this  test  (see  Pig.  9),  corresponds  with  the  orig- 
inal.    In  the  first  test  the  temperature   of   the   coal   was   higher 
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than  that  of  the  gas  after  passing  140°,  while  in  the  second  test 
this  did  not  occur  until  210°.  This  difference  may  have  been  due 
to  the  rapidity  of  heating,  for,  in  the  first  experiment,  the  tem- 
perature was  raised  slowly,  the  entire  time  during  which  heat 
was  applied  being  34  minutes,  while  the  second  test  was  com- 
pleted in  21  minutes.  Under  the  latter  conditions  the  oxidation 
was  not  so  rapid  as  the  increase  from  the  external  source. 
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Fig.  11,  coal  No.  983-1,  represents  an  experiment  on  a 
sample  of  Taylorville,  Illinois,  coal  in  the  powdered  condition. 
The  appearance  of  carbon  dioxide  was  first  detected  at  153°  C, 
and  by  reference  to  the  chart  it  will  be  observed  that  at  this 
point,  the  lines  representing  the  two  temperatures  cross.  Simul- 
taneously, the  evolution  of  C02  increased  and  at  157°,  the  coal 
was  on  fire.  A  second  experiment  on  the  same  coal  showed  the 
point  at  which  C02  was  first  evolved  to  be  156°,  while  the  coal  ig- 
nited at  158°  (See  Fig.  12,  coal  No.  983-2). 
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Attention  is  called  to  the  fact  that  no  carbon  dioxide  was  de- 
tected at  the  lower  temperatures,  120°  to  130°,  as  in  the  case  of 
the  other  coals  examined;  also  that  the  kindling  temperature  is 
practically  the  same  as  that  at  which  the  oxidation  begins,  as 
judged  by  the  carbon  dioxide  produced. 

Anthracite  —  powdered 
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In  Fig.  13,  a  sample  of  Pittsburg  gas  coal  in  the  powdered 
form,  was  employed.  Here  essentially  the  same  phenomena  were 
observed,  as  with  coal  686-2  (Fig.  8),  both  as  to  the  appearance  of 
carbon  dioxide  and  as  to  the  more  rapid  evolution  of  the  same, 
though  the  point  for  the  appearance  of  fire  was  slightly  higher 
than  with  the  powdered  bituminous  coal  of  Fig.  8.  This  suggests 
that  the  oxidation  of  hydrogen  may  also  have  a  part  in  the  chem- 
ical reactions  involved  as  being,  perhaps,  more  readily  available 
in  coals  of  the  strictly  bituminous  type. 

In  Fig.  14  the  results  are  shown  upon  a  sample  of  powdered 
anthracite.  The  first  appearance  of  carbon  dioxide  was  again  at 
125°.  At  135°  there  is  a  stronger  evolution  of  carbon  dioxide, 
which  continues  with  increasing  rapidity  as  indicated  by  the  more 
rapid  rise  in  temperature  up  to  230°.  At  that  point,  a  copious 
evolution  of  C02  occurred  and  ignition  was  indicated  at  310°. 

By  reference  to  the  literature  of  the  subject,  no  very  exact 
data  for  the  kindling  temperature  of  coal  can  be  found.  Lignite1 
is  said  to  ignite  at  150°;  anthracite,  when  in  the  powdered  form, 
at  300°  or  above.  Another  writer2  places  the  ignition  temper- 
atures of  cannel  coal  at  370°  C. ;  lignite  at  450°,  and  Welsh  steam 
coal  at  477°. 

More  recently  Moissan3,  Manville4  and  others  have  con- 
ducted experiments  upon  pure  amorphous  carbon  to  determine 
the  variations  in  kindling  point  occasioned  by  oscillations  of  tem- 
perature and  as  modified  by  varying  conditions  of  pressure,  etc. 
There  is  some  resemblance  between  the  behavior  of  coal  as  here- 
in presented  and  the  results  by  Manville  upon  amorphous  carbon. 

In  order  to  correlate  the  facts  of  the  Fourth  Series  with  act- 
ual conditions  such  as  would  be  met  in  the  storage  of  coal,  the 
atmosphere  of  oxygen  there  employed  was  replaced  by  atmos- 
pheric air.  A  number  of  tests  were  made  using  the  apparatus 
of  Fig.  7.     One  set  of  results,  only,  is  produced,  as  in  Fig.   15. 

It  will  be  seen  that  the  results  are  not  essentially  different 
from  those  obtained  in  an  atmosphere  of  oxygen.  As  would  be 
expected,  the  dilution  of  the  oxygen  as  in  atmospheric  air  would 
retard  or  lessen  the  activity  of  oxidation  so  that  the  initial  ap- 
pearance of  CO 2  was  at  135°  instead  of  at  or  about  120°,  as  in  the 


'Ding.  Poly.  Jour.  64,  247;  12. 

2V.  B.  Lewes,  J.  Gas  Lighting,  55,  645. 

3Compt.  Rend.  135,  921. 

4Ibid  142,  1190. 
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use  of  oxygen.  The  voluminous  appearance  of  C02  and  the 
crossing  of  the  lines  occur  at  165°  instead  of  from  140°  to  150° ,  as 
with  oxygen.  Attention  is  also  called  to  the  fact  that  at  about 
200°  the  external  source  of  heat  being  withheld  for  a  few  minutes, 
the  oxidation  temperature  responded  to  that  fact  and  dropped 
back  in  a  similar  manner,  showing  that  in  order  to  maintain  oxi- 
dation at  that  temperature,  an  external  source  of  heat  was  nec- 
essary. However,  at  280°,  the  rapid  rise  in  the  oxidation  tem- 
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perature  continued,  notwithstanding  the  cessation  of  the  external 
heat.  Seemingly,  therefore,  we  have  here  an  illustration  of  a 
type  of  combustion  which,  while  still  far  below  the  ignition  point, 
is  still  self-supporting  and  would  be  continuous,  depending  upon 
the  oxygen  supply.  In  another  test  under  the  same  conditions 
essentially  the  same  features  were  exhibited  with  the  additional 
fact  that  at  a  temperature  of  330°  the  coal  ignited. 
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Experimental  Work 
fifth  series;  atmosphere  of  steam 

By  reference  again  to  the  composition  of  the  gases  from  the 
retort  as  in  Table  7  and  Fig.  5,  ij;  will  be  seen  that  a  very 
considerable  amount  of  carbon  dioxide  is  present.  This  may  have 
been  due  to  residual  oxygen  in  the  retort  and,  indeed,  the  de- 
crease in  quantity  of  the  carbon  dioxide  as  the  process  was  con- 
tinued (Pig.  5),  would  seem  to  indicate  some  such  explanation  for 
its  presence.  It  was  deemed  necessary,  however,  to  settle  posi- 
tively whether  in  an  atmosphere  of  pure  water-vapor  any  such 
formation  of  carbon  dioxide  could  occur.  This  feature  was  in- 
vestigated, therefore,  by  use  of  the  apparatus  already  described, 
for  studying  the  behavior  in  an  atmosphere  of  oxygen,  as  illus- 
trated by  Fig.  7,  the  substitution  of  steam  for  oxygen  without 
the  purification  train  being  the  only  change.  No  observations 
were  taken  below  140°,  and,  at  about  that  temperature,  the  steam 
was  admitted  into  the  chamber  C,  Fig.  7.  Duplicate  tests 
were  made  on  a  sample  of  bituminous,  (Williamson  County)  coal 
in  powdered  form  and  one  test  on  the  same  coal  in  buckwheat 
form.     The  results  of  only  one  test  are  charted,  as  in  Fig.  16. 

An  added  precaution  was  taken  in  this  test  to  have  the  bulb 
of  thermometer  T  of  Fig.  7  protected  by  a  capsule  exactly  as  the 
bulb  of  the  thermometer  T\  and  the  two  were  placed  at  the  same 
level.  Also,  the  inlet  for  the  steam  was  carried  down  well  below 
both  capsules  and  discharged  near  the  bottom  of  the  chamber.  By 
this  means  it  was  sought  to  eliminate  as  far  as  possible  any  ex- 
ternal conditions  which  might  cause  a  variation  in  temperature  as 
between  the  two  thermometers.  The  importance  of  taking  this 
extra  precaution  will  be  evident  from  an  examination  of  the  curve 
in  Fig.  16.  A  tendency  is  noted  at  a  temperature  of  240°  for  the 
thermometer  embedded  in  the  coal  to  show  a  higher  reading  than 
the  other.  This  slight  advance  continued  with  more  or  less  uni- 
formity, but,  at  about  the  temperature  of  315°,  an  altogether  dif- 
ferent phenomenon  was  noted.  At  this  point  the  mercury  rose 
abruptly,  going  almost  at  once  to  the  limit  of  the  thermometer 
used,  while  the  other  thermometer  remained  constant  or  showed 
only  the  slight  rise  due  to  the  application  of  external  heat.  After 
noting  this  sudden  rise  in  the  first  instance,  the  heat  was  removed 
and  the  temperatures   allowed  to  drop  to  300°.     Upon  renewing 
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the  heat,  a  sudden  rise  was  again  observed  when  315°  was  reached. 
No  appearance  of  carbon  dioxide  accompanied  this  rise  in 
temperature,  hence,  it  must  be  attributed  to  the  exothermic  char- 
acter of  the  decompositions  occurring  at  that  stage.  The  absence 
of  carbon  dioxide  throughout  the  test  limits  us,  for  the  present, 
at  least,  to  this  explanation  of  the  temperature  indications  in  the 
atmosphere  of  steam.  Similar  conditions  were  indicated  in  a  cor- 
responding experiment  using  nitrogen,  but  since  a  small  residual 
amount  of  oxygen  remained  in  the  nitrogen,  giving  as  a  result  a 
moderate  test  for  carbon  dioxide  at  the  exit  tube,  this  matter  of 
temperature  differences  in  nitrogen  must  await  further  and  more 
careful  examination.  Indeed  the  general  proposition  here  indi- 
cated, of  a  probably  exothermic  behavior,  is  of  considerable  im- 
portance and  calls  for  a  carefully  devised  series  of  experiments 
which  are  now  in  progress. 

Summary 

The  results  thus  far  obtained  are  by  no  means  complete  but 
they  are  of  sufficient  interest  to  warrant  publication  in  this  pre- 
liminary form.  Aside  from  the  gases  evolved,  the  by-products 
have  received  but  little  attention. 

In  the  residual  liquors,  there  seem  to  be  no  tarry  compounds 
present  but  oils,  phenols,  ammonia,  etc.  Some  quantitative  re- 
sults on  the  latter  show  as  the  highest  result  obtained  from  the 
wash  liquors,  about  11  per  cent  of  the  total  nitrogen  present  in 
the  coal.  In  most  instances  the  yield  was  less  than  1  per  cent. 
This  matter  is  receiving  further  attention. 

Concerning  the  coal  residue,  enough  has  already  been  de- 
veloped to  indicate  that  it  would  have  a  special  value  for  domestic 
use  and  such  industrial  operations  as  require  a  smokeless  fuel. 
While  much  of  the  volatile  constituent  remains,  it  has  undergone 
a  change  which  makes  it  not  difficult  to  carry  on  combustion  with- 
out the  production  of  smoke.  This  fact  is,  perhaps,  suggested  by 
the  rather  close  resemblance  in  composition  to  the  so-called 
smokeless  coals.  Because  of  the  very  great  ease  with  which  this 
material  may  be  broken  down,  it  would  require,  in  all  probability, 
to  be  subjected  to  the  briquetting  process. 

As  a  rule,  finely  pulverized  coals  in  contact  with  oxygen 
either  diluted  as  in  the  case  of  air  or  in  the  pure  state,  begin 
oxidation  at  a  temperature   between  120°  and  135°.     In  some  in- 
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stances,  however,  this  temperature  of  oxidation  is  higher,  though 
in  none  of  the  tests  did  it  exceed  155°. 

The  ignition  temperature  varies  with  the  type  of  coal  and  to 
a  certain  extent  also  with  the  fineness  of  division.  Finely  divided 
bituminous  coals  ignite  in  oxygen  at  a  temperature  not  far 
from  160°.  Buckwheat  sizes  ignite  at  about  260°  to  300°.  Semi- 
bituminous  coals  ignite  at  about  200°  and  anthracites  at  about  300°. 
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Lighting  Country  Homes    by   Private    Electric    Plants 

Introduction 

The  farmer  and  the  resident  of  the  small  country  town  have 
long  felt  the  need  of  the  electric  lamp.  They  appreciate  the 
adaptability,  the  cleanliness  and  the  convenience  of  this  method 
of  illumination  and  would  gladly  adopt  it  in  their  homes,  if  possi- 
ble. However,  they  live  too  far  from  any  central  lighting  station 
to  be  able  to  buy  power  at  a  reasonable  cost.  The  private  light- 
ing plant  has  been  a  possibility,  but  until  recently  the  cost  has 
been  prohibitive  for  the  great  majority  of  people.  The  present 
state  of  development  of  the  storage  battery  and  the  wonderful 
improvements  that  have  been  made  in  incandescent  electric  lamps 
during  the  past  year  have  opened  up  to  residents  of  the  country 
new  possibilities  in  the  way  of  home  lighting  by  private  electric 
plants.  The  great  difficulty  in  the  design  of  a  small  lighting 
plant  has  always  been  the  size  and  cost  of  a  storage  battery  out- 
fit. To  start  up  the  engine  and  dynamo  every  time  a  few  lamps 
are  required  is  too  inconvenient  to  be  considered.  Consequently, 
it  is  necessary  to  have  some  means  of  storing  the  electric  energy 
so  that  the  power  can  be  generated  when  convenient  and  used 
when  required.  The  storage  battery  makes  this  possible,  but 
where  the  ordinary  carbon  filament  incandescent  lamps  are  used 
as  the  light  producing  source,  we  are  obliged  to  have  a  large  and 
expensive  battery-  Each  cell  of  storage  battery  will  give  an 
average  pressure  or  voltage  of  2  volts.  Hence  if  110  volt  lamps 
are  used,  at  least  55  cells  of  battery  will  be  required.  Moreover, 
when  the  battery  is  almost  discharged,  each  cell  will  give  only 
about  1.8  volts,  so  that  if  the  lamps  are  burned  at  full  brilliancy 
when  the  battery  is  almost  discharged,  a  few  extra  cells  will  be 
required,  making  perhaps  60  in  all.  Since  the  carbon  filament 
lamps  are  very  inefficient  light  producers,  the  cells  will  Lave  to 
be  of  large  size,  that  is,  have  large  lead  plates  and  containing 
vessels,  if  they  are  to  operate  many  lights  for  a  length  of  time. 
Of  course,  the  number  of  cells  required  may  be  decreased  by  us- 
ing lower  voltage  lamps,  say  25  or  80  volt  lamps.  The  low  volt- 
age carbon  lamps  have  an  even  lower  efficiency  as  light  producers 
than  the  1 10  volt  size.  Hence,  even  though  these  lamps  enable 
us  to  use  fewer  cells,  each  cell  must  be  of  larger  size,  if  the  lamps 
are  to  be  burned  as  long  as  before  without  recharging  the  battery. 
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During  the  past  year  there  has  been  put  on  the  market  a  new 
type  of  lamp  having  a  filament  made  of  the  rare  metal,  tungsten. 
With  these  lamps  a  given  amount  of  energy  will  produce  about 
three  times  the  candle  power  that  would  be  produced  by  an  ordi- 
nary carbon  filament  lamp.  Electrical  energy  is  measured  in 
watts,  one  of  which  represents  rbs  part  of  a  horse- power.  With 
the  110  volt,  16  candle  power  carbon  lamp  it  takes  from  3.1  to  3.5 
watts  of  energy  to  produce  a  candle  power  of  light.  With  the  tung- 
sten lamp  of  the  same  voltage  it  requires  about  li  watts  of  energy 
to  produce  a  candle  power.  Consequently,  when  using  the  tung- 
sten lamp  for  a  private  plant,  it  will  take  much  smaller  storage 
cells  to  operate  a  given  number  of  candle  power  of  lights  than  it 
would  if  carbon  lamps  were  used.  These  new  lamps  are  made, 
and  are  on  the  market,  in  25  to  30  volt  sizes.  They  give  20 
candle  power  and  consequently  require  only  about  25  watts  of 
energy  to  operate  them.  These  lamps  will  make  possible  the 
cheapest  kind  of  a  plant. 

Besides  being  cheaper  to  operate  than  the  carbon  lamp,  these 
tungsten  lamps  will  burn  a  greater  number  of  hours.  The  carbon 
lamp  will,  under  good  conditions,  burn  about  500  hours,  and  at 
the  end  of  that  time,  the  candle  power  will  have  fallen  20  per  cent; 
i.  e.,  if  when  new  it  gives  16  candle  power,  at  the  end  of  500  hours 
of  service  it  will  give  but  12.8  candle  power.  The  tungsten  lamp, 
however,  will  often  burn  for  1000  hours,  and  during  that  time 
will  lose  only  10  per  cent  of  its  original  candle  power. 

It  is  one  purpose  of  this  bulletin  to  trace  through  the  design 
of  a  private  electric  plant  of  sufficient  size  to  light  a  country 
home  properly  with  25  volt  tungsten  lamps.  An  endeavor  will  be 
made  to  show  the  steps  in  the  design  in  such  a  clear  and  simple 
manner  that  with  the  information  which  can  be  obtained  from  the 
companies  furnishing  the  batteries,  engine  and  dynamo,  anyone 
can  decide  upon  the  size  of  the  equipment  needed  and  order  it 
intelligently.  Full  instructions  for  installing  the  apparatus  and 
wiring  are  omitted,  since  it  will  be  better  to  secure  an  experienced 
man  to  do  this  work.  There  will  be  given  also  in  this  paper  an 
example  of  a  lighting  scheme  for  a  medium  sized  private  resi- 
dence in  which  attention  is  paid  to  the  proper  selection  and  loca- 
tion of  fixtures  and  shades. 
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Concerning  Artificial  Illumination 

It  is  a  fundamental  principle  of  good  artificial  illumination  to 
keep  the  illumination  of  objects  as  strong  as  is  required  for  the 
uses  to  which  they  are  put  and  to  keep  the  intensity  or  brilliancy 
of  the  lights  as  low  as  possible.  The  first  part  of  this  principle 
can  perhaps  be  readily  appreciated  by  the  average  person,  but 
the  second  part  is  directly  opposed  to  his  conception  of  how  light- 
ing ought  to  be  done.  It  seems  to  him  that  to  get  good  illumina- 
tion a  great  brilliancy  is  required,  and  that  anything  that  reduces 
the  brilliancy  of  the  light  source  tends  to  decrease  the  quality  of 
the  illumination.  To  understand  this  part  of  the  principle  it  must 
be  remembered  first,  that  intensity  or  brilliancy  of  a  light  source, 
for  example,  an  incandescent  electric  lamp,  refers  simply  to  the 
amount  of  light  coming  from  each  square  inch  of  surface  on  the 
light-giving  source,  that  is,  the  filament.  If  a  diffusing  globe  is 
put  about  the  lamp  the  filament  itself  is  not  seen  and  the  light 
will  appear  to  radiate  from  the  entire  surface  of  the  globe.  With 
a  properly  made  globe  the  amount  of  light  that  is  lost  in  passing 
through  the  glass  is  small  so  that  the  total  amount  of  light  given 
off  will  be  almost  the  same  as  from  the  bare  lamp.  The  amount 
of  light  per  square  inch  of  the  surface,  that  is,  the  intensity,  is 
much  less  than  before  since  it  now  radiates  from  the  entire  sur- 
face of  the  globe  instead  of  from  the  small  filament.  It  must  also 
be  understood  how  the  human  eye  acts  under  lights  of  different 
intensities.  The  eye,  by  means  of  an  adjustable  opening,  called 
a  pupil,  endeavors  to  receive  always  a  constant  amount  of  light 
by  contracting  or  dilating  as  the  light  is  intense  or  dim.  "When 
the  light  reflected  to  the  eye  from  any  object  is  intense  the  pupil 
contracts  so  as  to  shut  out  a  large  part  of  the  rays.  When  light 
of  only  low  intensity  reaches  the  eye  from  any  body,  the  pupil 
opens  wide  so  as  to  admit  sufficient  light  to  enable  the  eye  to  see 
the  object  distinctly. 

Imagine  a  room  illuminated  by  an  unshaded  32  candle  power 
lamp  hung  rather  low,  and  that  we  wish  to  see  clearly  a  book  on 
a  table  near  the  lamp.  To  see  the  book,  of  course,  some  of  the 
light  must  be  reflected  from  it  to  the  eye.  Since  it  is  close  to  the 
lamp  the  book  receives  considerable  light  and  it  would  naturally 
be  supposed  that  sufficient  light  from  it  would  reach  the  eye  to 
enable  us  to  see  it  clearly.     So  it  would  if  the  eye  were  free  to 
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adjust  the  opening  of  the  pupil  to  the  intensity  of  the  light  that 
is  received  from  the  book.  However,  since  the  low  hanging  lamp 
itself  is  almost  in  the  direct  line  of  vision  the  rays  from  it  are  al- 
so reaching  the  eye.  These  rays  are  so  intense  that  the  eye  to 
protect  itself  must  almost  close  the  pupil.  In  doing  so  it  also 
prevents  sufficient  light  from  the  book  from  reaching  the  interior 
of  the  eye,  so  instead  of  seeing  the  book  clearly  we  see  it  only 
indistinctly  and  at  the  same  time  have  an  unpleasant  or  even 
painful  feeling  caused  by  the  forcible  contraction  of  the  pupil. 
Because  we  do  not  see  the  book  comfortably  we  are  erroneously 
led  to  assume  that  the  light  is  insufficient. 

Suppose  we  place  over  the  lamp  a  diffusing  globe,  for  in- 
stance, a  round  frosted  globe.  The  intensity  of  the  light  is  now 
cut  down  a  great  deal,  but  the  total  amount  of  light  is  not  greatly 
decreased.  Now  when  we  attempt  to  see  the  book  the  rays  of 
light  which  reach  the  eye  from  the  lamp  itself  are  much  less  in- 
tense than  before.  Hence  the  pupil  is  left  more  widely  open,  and 
even  though  less  light  is  reaching  the  book  than  when  the  lamp 
was  unshaded,  the  eye  is  enabled  to  receive  more  reflected  light 
from  it,  and  the  book  can  be  seen  more  clearly.  Moreover,  because 
the  pupil  is  not  so  closely  contracted,  the  eye  feels  much  more 
comfortable,  and  the  dazzling  effect  is  much  decreased. 

Let  us  make  one  more  change.  Let  us  raise  the  lamp  high 
enough  so  that  the  direct  rays  from  it  will  not  reach  our  eyes 
when  we  look  at  the  book.  Now  as  we  have  taken  the  lamp  fur- 
ther from  the  book  so  that  it  receives  less  light  than  before,  we 
will  remove  the  round  globe  and  replace  it  with  a  tulip  or  bell- 
shaped  shade.  This  will  deflect  the  light  from  the  lamp  down- 
ward so  that  the  book  will  receive  about  the  same  amount  of  light 
as  formerly.  Now  when  we  look  at  the  book,  there  is  no  direct 
light  from  the  lamp  reaching  the  eye.  Hence,  the  pupil  can  ad- 
just itself  to  receive  the  proper  amount  of  light  from  the  book, 
and,  since  the  book  itself  is  receiving  sufficient  light  from  the 
lamp,  the  eye  will  receive  enough  reflected  rays  from  it  so  that  it 
can  be  seen  clearly. 

In  our  attempt  to  illuminate  the  book  so  that  it  could  be  seen 
clearly  and  comfortably,  it  will  be  noticed  that  our  efforts  have 
been  directed,  first,  towards  getting  the  light  upon  the  book  and 
second,  towards  diffusing  the  light,  or  towards  keeping  the  light 
screened   from  the  direct  line  of  ordinary  vision.     These  results 
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should  be  the  end  toward  which  all  efforts  in  illumination  are 
directed.  They  are  obtained  by  the  careful  placing  of  the  lights, 
and  by  the  use  of  proper  shades  and  globes. 

Contrary  to  the  popular  idea,  the  selection  of  shades  and 
globes  should  not  be  made  primarily  with  regard  to  their  decora- 
tive qualities.  Properly  designed  and  constructed  shades  and 
globes  are  made  either  to  send  the  light  in  some  desired  direction, 
to  diffuse  the  light,  i.  e.,  decrease  its  intensity,  or  to  combine  the 
two  purposes.  A  person  selecting  a  shade  for  a  light  should  then 
bear  in  mind  the  location  of  the  light,  where  the  strongest  illu- 
mination is  desired,  and  whether  the  light  needs  to  be  diffused. 
A  shade  or  globe  should  then  be  selected  that  will  fulfill  the  re- 
quired conditions.  Many  manufacturers  will  furnish  diagrams 
showing  how  each  particular  shade  or  globe  made  by  them  dif- 
fuses and  distributes  the  light.  From  these  diagrams  the  proper 
selection  can  best  be  made. 

Unquestionably  the  best  shades  and  globes  are  those  made 
from  clear  transparent  glass  similar  to  the  Holophane  globes. 
These  have  the  inner  surface  of  the  glass  given  over  to  the  flut- 
ings  or  prisms  used  solely  for  diffusing  and  softening  the  light. 
On  the  outer  surface  there  are  flutings  calculated  to  deflect  these 
diffused  rays  into  directions  where  needed.  Although  the  materi- 
al is  clear,  transparent  glass,  the  prisms  and  flutings  diffuse  and 
reflect  the  light  perfectly  while  at  the  same  time  there  is  but 
small  loss  by  absorption.  These  shades  are  designed  in  three 
classes  according  to  the  service  that  is  required  of  them.  One 
class  (A)  throws  the  strongest  illumination  directly  downward, 
the  second  (B)  gives  a  strong  illumination  in  all  directions  be±ow 
the  horizontal,  while  the  third  (C)  throws  the  strongest  illumina- 
tion slightly  below  the  horizontal. 

Opal,  opaline  and    ground  glass    globes  and   shades    give  a 
well  diffused  light,  but  there  is  a  considerable  loss  of  light  by 
absorption.     The  ground  glass   globes   have  the  disadvant;: 
being  difficult  to  keep   clean.     If  properly   shaped,  these   globes 
will  throw  the  light  in  almost  any  desired  direction. 

The  ordinary  plain  glass  shades  having  fancy  designs  etched 
upon  them,  such  as  are  supplied  with  many  electric  light  fixtures, 
are  of  little  value  except  for  what  little  decorative  qualities  they 
may  possess.  They  change  the  distribution  of  the  light  to  only 
a  slight  extent  and  the  amount  of  diffusion  is  almost  negligible. 
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Opaque  metal  and  silvered  glass  reflectors  are  very  satisfac- 
tory for  deflecting  the  light  in  any  desired  direction,  but  they 
give  no  diffusion  and  always  make  a  room  look  dark  and  cold  on 
account  of  furnishing  no  light  to  the  ceiling.  They  also  give  too 
great  contrasts  between  intense  light  and  darkness  so  that  the 
pupil  of  the  eye,  as  one  looks  from  place  to  place  about  the  room, 
must  continually  contract  and  dilate  so  that  it  is  soon  fatigued. 

Selection    of   Fixtures    and    Planning    of    Lighting 
Arrangement 

Since  the  sole  object  of  an  electric  light  plant  is  to  provide 
illumination  for  the  house,  it  is  common  sense  to  plan  a  good 
lighting  scheme  and  then  build  a  plant  and  install  wiring  in  ac- 
cordance with  this  scheme.  This  statement  is  called  forth  by 
the  fact  that  the  opposite  course  is  usually  pursued.  The  wiring 
is  usually  installed  and  the  outlets  for  the  lighting  fixtures  placed 
in  a  sort  of  a  haphazard  way  at  any  convenient  spot.  Ordinarily 
they  are  placed  directly  in  the  middle  of  the  ceiling  whether  or 
not  that  is  the  position  most  desirable  from  the  standpoint  of 
proper  illumination  of  the  room. 

We  will  assume  as  a  house  for  which  we  are  going  to  design 
an  electric  lighting  system,  a  country  home  having,  on  the  first 
floor,  a  living  room,  a  dining  room,  a  kitchen,  a  front  and  a  rear 
hall,  a  bed  room  and  a  large  porch  in  front.  On  the  second  floor 
there  are  four  bed-rooms,  each  provided  with  a  closet,  a  bath 
room  and  a  hall.  In  the  cellar  there  is  a  large  furnace  room,  a 
fuel  room,  a  laundry,  a  vegetable  room  and  a  store  room.  Plans 
of  the  two  floors  and  the  basement  are  shown  in  Pig.  (la),  (lb) 
and  (lc). 

Living  Boom.. — Since  this  is  the  room  in  which  most  of  the 
leisure  time  of  the  family  is  spent,  it  should  be  well  lighted. 
First  of  all  there  must  be  a  light  for  reading  purposes.  Since 
the  family  is  likely  to  be  large,  several  persons  will  often  want 
to  read  at  the  same  time,  so  a  considerable  area  should  be  well 
enough  illuminated  to  enable  one  to  read  anywhere  within  that 
area.  When  looking  about  for  a  lamp  to  furnish  a  light  by  which 
to  read,  the  average  person  promptly  selects  a  table  reading  lamp. 
The  ordinary  table  electric  reading  lamp  would  be  very  satisfac- 
tory for  one  or  possibly  two  persons  to  read  by  if  a  general  il- 
lumination for  the  room   were   taken   care  of   by   other   lamps. 
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In  the  ordinary  farm  home,  however,  usually  more  than  one  or 
two  persons  wish  to  read  at  the  same  time.  Moreover,  the  lamp 
that  furnishes  light  for  reading  is  usually  required  to  furnish  a 
general  illumination  for  the  room.  This  a  table  lamp  will 
not  do.  Accordingly,  a  three  light  fixture  is  provided  as  shown 
in  Fig.  2. 
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Fig.  2    Living  Room  Fixture 

In  this  fixture  the  middle  socket  points  directly  downward,  and 
is  equipped  with  a  prismatic  glass  reflector  such  as  the  Holophane, 
class  B,  "tulip"  reflector.  This  will  concentrate  the  light  under 
the  chandelier  for  reading  purposes  and  at  the  same  time  permit 
sufficient  light  to  pass  through  bo  give  a  moderate  illumination  of 
the  walls  and  ceiling.  Thus,  the  single  reading  lamp  would  be  suf- 
ficient for  ordinary  occasions.  On  special  occasions,  however,  when 
a  general  illumination  rather  than  a  concentrated  light  for  reading 
is  desired,  the  middle  lamp  is  turned  out  and  the  two  outside  lamps 
are  used.  These  two  lamps  are  provided  with  prismatic  reflect- 
ing globes  of  the  shape  shown.  (Holophane,  class  B,  stalactite). 
Since  the  reflecting  globe  will  prevent  the  dazzling  direct  rays 
from  the  filament  from  reaching  the  eyes  of  a  person  in  the  room, 
the  unfrosted  lamps  may  be  used.  The  middle  lamp,  however, 
may  be  seen  from  positions  close  under  the  chandelier.  Hence  a 
frosted  lamp  should  be  used  here.  The  fixture  should  be  hung 
so  that  the  lamps  are  about  six  and  one  half  feet  from  the  floor. 

Dining  Room. — A  dining  room  requires  a   strong    illumina- 
tion over  the  table  and  a  soft   pleasing   light  over  the  walls  and 
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ceiling.  This  can  be  obtained  for  the  room  we  are  considering  by 
two  lamps  placed  in  prismatic  bowl  reflectors  hung  at  a  height  of 
six  feet  from  the  floor.  These  reflectors  will  distribute  the 
light  well  to  the  edges  of  the  table,  while  the  ceiling  and  walls 
will  be  sufficiently  lighted  to  make  the  room  seem  cheerful,  but 
not  brilliant.     Frosted  tip  lamps  should  be  used. 

Front  Hall. — A  single  unfrosted  lamp  placed  in  a  Holophane, 
class  B,  stalactite,  similar  to  the  one  shown  in  Fig.  2  will  amply 
light  the  hall.  It  should  be  hung  about  eight  feet  from  the  floor 
so  as  to  throw  the  strongest  illumination  toward  the  door  and  the 
foot  of  the  stairs. 

Kitchen. — The  kitchen  holds  such  an  important  place  in  the 
life  of  the  farm  house-wife  that  it  should  be  well  illuminated.  It 
can  be  adequately  lighted  by  a  single  lamp  in  a  pendant  fixture 
in  the  middle  of  the  room.  This  should  be  provided  with  an  opal 
bell  reflector.  The  fixture  is  hung  high  so  as  to  be  out  of  the 
direct  line  of  vision  of  a  person  in  the  room.  To  provide  a  more 
concentrated  light  over  the  stove  and  table  where  it  is  most  needed 
there  is  an  adjustable  bracket  fixture  with  an  opal  bell  reflector 
and  a  frosted  tip  lamp.  (Fig.  3.)  This  should  be  placed  about  six 
feet  high  and  as  nearly  as  possible  between  the  stove  and  table. 
The  lamp  will  be  turned  on  only  when  needed  and  the  light  directed 
where  desired  by  adjusting  the  bracket. 

Front  Porch. — One  lamp  placed  inside  of  a  prismatic  reflecting 
ball  similar  to  the  one  shown  in  Fig.  4  is  used  for  lighting  the 
porch.  This  is  placed  in  front  of  the  door  and  directly  on  the 
ceiling.  The  upper  fluted  portion  of  the  ball  throws  the  light 
downward  where  it  is  needed.  The  lower  portion  is  frosted  in 
order  to  soften  the  glare  of  the  filament. 

Cellar. — The  lights  in  the  cellar  are  equipped  with  the  flat 
enameled  metal  reflectors.  These  are  placed  on  the  ceiling  so 
as  to  distribute  the  light  well  over  the  walls  and  floor. 

Bedrooms. — For  each  bedroom  a  bracket  fixture  carrying  one 
light  in  an  opal  bell  reflector  is  provided.  This  is  placed  high 
enough  so  that  the  dresser  can  be  placed  directly  beneath  it,  thus 
furnishing  a  good  light  by  which  to  dress.  (Pig.  .".)  This  will 
also  provide  a  sufficient  general  illumination  if  the  lamp  is  inclined 
about  4">°  from  the  horizontal.     The  lamp  should  be  frosted.     An 
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Sketch  Showing  Good  Location  of 

Bedroom  Fixture 


eight  candle  power  carbon  lamp  is  placed  in  three  of  the  closets. 
These  are  simple  drop  lights  suspended  about  six  and  one  half 
feet  from  the  floor.  No  extra  length  of  lamp  cord  should  be  pro- 
vided, otherwise  the  lamp  may  be  hung  upon  a  hook  in  contact 
with  some  clothing.  Then  if  the  lamp  is  accidentally  left  lighted 
a  fire  is  almost  sure  to  occur. 

Hall  and  Bath-room. — Simple,  single  light  pendant  fixtures  are 
provided  for  the  second  floor  hall  and  the  bath  room.    These  are 
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equipped  with  opal  bell  reflectors  and  are  hung  about  seven  and 
one  half  feet  from  the  floor.     The  lamps  should  be  frosted. 

Design  of  Plant 

Now  that  we  have  decided  upon  the  number  of  lights  in  each 
room  the  next  step  in  the  design  of  our  lighting  system  is  to  esti- 
mate the  hours  during  the  day  that  the  lights  in  each  room  will 
be  lighted.  This  will  give  us  an  idea  of  how  large  our  storage  bat- 
tery will  have  to  be  to  operate  the  lamps.  Of  course,  the  size  of 
the  battery  will  also  depend  upon  how  often  it  is  convenient  to 
charge  it.  Let  us  assume  that  we  wish  our  battery  to  be  of  suf- 
ficient capacity  to  operate  the  lights  on  one  charge,  the  entire  day 
when  there  is  the  maximum  amount  of  light  used.  This  will  be 
in  the  winter  when  the  nights  are  long  and  when  there  is  some 
special  occasion  that  keeps  the  family  up  later  than  usual.  We 
will  make  out  a  probable  lighting  schedule  for  this  day.  The 
schedule  is  given  below.  In  the  column  to  the  right  are  given 
the  lamp-hours  per  day.  The  lamp-hours  per  day  for  each  room 
are  the  number  of  lights  in  that  room  multiplied  by  the  number 
of  hours  during  the  day  that  they  are  lighted. 


■J    6    lamp  hours 


Dining  Boom:     Two  lights,  on  during  break- 
fast and  supper, 

5:00-6:30  a.  m 

5:30-7:00  p.  m 

Living  Boom:     Three  lights,  on  only  after  sup- 
per, 

7:00-10:30  p.  m lOi  lamp  hours 

Kitchen:  Two  lights,  on  while  preparing 

meals  and  washing  dishes, 
morning  and  evening, 

5:00-7:30  a.  m (^    . 

5:00-7:30  p.  m (  10    lamP  hours 

Front  Hall:        One  light 

8:00-10:30  p.  m 2i  lamp  hours 

Front  Porch:      One  light 
7:30-9:00  p.  m. li  lamp  hours 
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Bear  Hall:  One  light 

5:00-6:00  a.  m (    0,  . 

6:00-7:30p.m \    2Hamphours 

Bedrooms:  Two  lights 

5:00-5:30  a.  m f 

9:00-9:30  p.  m J    oi  . 

~       ,.   ,  ,  J    2i  lamp  hours 

One  light 

10:30-11:00  p.  m... L 

35i  lamp  hours 
This  gives  a  total  of  35i  lamp  hours.     Hence,  we  wish  a  bat- 
tery that  will  operate  one  lamp  approximately  36  hours,  with  one 
charge. 

Before  going  further  we  must  become  familiar  with  another 
unit  used  in  electrical  measurements.  It  is  called  the  ampere  and 
is  the  unit  by  which  we  express  current  flow.  We  know  that  volt- 
age is  the  electrical  pressure  or  that  which  tends  to  make  flow 
an  electric  current.  When  we  say  that  a  lamp  is  a  110  volt  lamp 
we  mean  that  it  takes  110  volts  of  electrical  pressure  to  drive  suf- 
ficient current  through  the  resistance  of  the  lamp  filament  to 
heat  it  hot  enough  to  glow.  It  does  not,  let  us  understand,  indi- 
cate the  amount  of  electricity  that  flows.  It  merely  relates  to  the 
pressure  that  causes  the  current  to  flow.  This  current  that  flows 
through  the  filament  or  any  other  electrical  conductor  is  meas- 
ured in  amperes.  The  lamps  that  we  have  chosen  will  allow 
about  one  ampere  of  current  to  flow  through  the  filament  when  the 
pressure  of  25  volts  is  applied,  they  being  25  volt  lamps.  We 
know  that  to  produce  continually  a  pressure  of  at  least  25  volts, 
15  storage  cells  are  required.  What  we  want  to  find  out  now  is 
how  large  the  cells  must  be  to  hold  a  sufficient  charge  to  let  one 
lamp  burn  for  36  hours.  As  we  said  before,  one  lamp  will  permit 
one  ampere  of  current  to  flow.  Hence  the  battery  will  have  to  be 
large  enough  to  hold  a  charge  such  that  one  ampere  can  flow  for  36 
hours,  that  is  to  say,  a  36  ampere-hour  storage  battery,  the  am- 
pere-hour being  the  unit  of  capacity  by  which  manufacturers  rate 
storage  batteries.  The  nearest  commercial  size  of  battery  to  36 
ampere  hours  is  the  40  ampere  hour  battery.  We  will,  therefore, 
choose  that  size  of  battery. 

The  "normal  rate"  of  charging  a  storage  battery  is  the  num- 
ber of  amperes  of  current  we  must  force  into  the  battery  to  charge 
it  in  eight  hours  from   an   almost   discharged   condition.     Since 
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ours  is  a  40  ampere  hour  battery  its  normal  charging  rate  is  40 
divided  by  8,  or  5  amperes.  When  there  is  plenty  of  time  for 
charging,  it  is  best  to  charge  the  battery  at  the  5  ampere  rate. 
However,  if  time  is  lacking  it  may  be  charged  in  a  shorter  time 
with  a  current  of  7,  8  or  even  9  amperes.  This  capacity  of  storage 
battery  will  require  charging  only  once  per  day  when  there  is  the 
heaviest  probable  load.  However,  there  will  not  ordinarily  be  as 
many  lamps  burning  so  many  hours  of  the  day,  hence  the  battery 
will  usually  not  require  charging  more  than  once  in  two  days, 
even  in  winter.  In  the  summer  when  the  days  are  long  and  few 
lamps  are  necessary,  one  charge  would  be  sufficient  for  a  week  or 
more. 

Now  that  the  battery  is  selected,  we  must  decide  upon  the 
dynamo  with  which  to  charge  it.  Each  cell  of  battery  when  fully 
charged  will  give  a  pressure  of  about  2.6  volts  so  that  the  entire 
15  cells  will  give  a  pressure  of  15  times  2.6,  or  39  volts.  Since  in 
charging  a  battery  the  current  must  flow  into  the  battery  in  a 
direction  opposite  to  the  flow  of  current  when  the  battery  is  dis- 
charging, the  entire  voltage  of  the  battery  is  opposing  the  voltage 
of  the  dynamo;  i.  e.,  the  battery  is  connected  to  the  dynamo  so 
that  it  tries  to  drive  current  through  the  dynamo  while  the  dy- 
namo is  driving  its  current  at  the  same  time  into  the  same  end  of 
the  storage  battery.  If  then  the  dynamo  is  able  to  drive  any 
current  into  the  battery  when  it  is  almost  charged,  it  must  give 
a  higher  voltage  than  the  maximum  voltage  of  the  battery. 
Since  the  maximum  voltage  of  the  battery  is  about  39  volts,  then 
our  dynamo  should  be  able  to  generate  about  42  or  43  volts.  A 
45  volt  machine  is  a  regular  commercial  size,  so  we  will  decide 
upon  that  voltage  machine.  The  dynamo  will  have  to  be  able  to 
deliver  a  current  equal  to  the  greatest  amount  that  will  probably 
be  used  in  charging  the  battery.  When  charging  the  battery  in 
a  short  space  of  time  8  or  9  amperes  may  be  used,  so  the  current 
delivered  by  the  dynamo  must  be  at  least  this  amount. 

Dynamos  are  rated  by  the  kilowatts  of  energy  they  will  pro- 
duce. As  was  explained  before,  a  watt  of  electrical  energy  is 
equal  to  7  J B  part  of  a  horse-power.  A  kilowatt  is  equal  to  1000 
watts.  Hence  a  kilowatt  equals  V7V\  or  about  1.34  horse-power. 
Now  the  number  of  watts  of  electrical  energy  produced  by  a 
dynamo  is  equal  to  the  product  of  the  volts  of  pressure  and  the 
amperes  of  current.     The  dynamo  we  need  must  give  at    least   9 
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amperes  of  current  at  45  volts  pressure.  Hence  it  must  produce 
9  times  45,  or  405  watts.  The  nearest  commercial  size  to  405 
watts  is  the  £  kilowatt,  or  500  watt  size.  Hence  we  shall  decide 
upon  a  i  kilowatt  machine. 

The  gasoline  engine  to  drive  the  dynamo  must  be  able  to  pro- 
duce 1.34  times  as  many  horse-power  as  the  dynamo  does  kilowatts, 
and  besides  enough  to  cover  all  losses  in  the  dynamo.  Since  gas- 
oline engines  are  usually  rated  rather  high,  and  often  on  account 
of  some  lack  of  adjustment  they  do  not  give  their  full  number  of 
horse- power,  it  is  well  to  get  an  engine  considerably  larger  than 
the  size  calculated.  For  the  1  kiJowatt  dynamo,  we  should  have  a 
2  horse- power  engine. 

A  switchboard  and  apparatus  with  which  to  control  the  dy- 
namo and  storage  battery  are  next  to  be  selected.  An  adjustable 
resistance,  called  a  rheostat,  is  supplied  with  the  dynamo.  This 
is  to  enable  one  to  control  the  voltage  of  the  dynamo  so  that  the 
battery  can  be  charged  either  rapidly  or  slowly.  There  must  be  an 
ammeter  to  measure  the  current  that  is  being  supplied  the  battery 
when  charging;  a  voltmeter  to  measure  the  pressure  produced  by 
the  machine,  also  that  produced  by  the  battery;  and  the  voltage 
that  is  supplied  the  lamps.  There  should  also  be  a  circuit  breaker, 
which  is  a  sort  of  an  automatic  switch.  Its  purpose  is  as  follows. 
Suppose  that  the  battery  is  being  charged  by  the  dynamo  and 
there  is  no  attendant  in  the  plant.  If  for  any  reason  the  engine 
stops,  the  dynamo  of  course  fails  to  generate  any  voltage.  Since 
the  voltage  of  the  storage  battery  is  now  no  longer  opposed  by 
that  of  the  dynamo,  current  will  flow  from  the  battery  and  tend 
to  operate  the  dynamo  as  an  electric  motor.  To  prevent  this 
action  the  circuit  breaker  is  put  in.  As  soon  as  for  any  reason 
the  dynamo  stops  generating,  the  circuit  breaker  automatically 
opens  the  circuit  and  thus  prevents  current  flowing  from  the  bat- 
tery to  the  dynamo. 

As  has  been  noted  before,  the  storage  battery  when  almost 
discharged  gives  only  about  1.8  volts  per  cell,  so  that  to  produce 
the  25  volts  necessary  to  light  the  lamps  to  full  brilliancy,  the 
entire  15  cells  are  required.  However,  when  the  cells  have  been 
fully  charged  and  the  charging  current  is  stopped  they  give  about 
2.2  volts  per  cell,  so  that  to  light  the  lamps,  all  of  the  cells  are 
not  required.  Hence  a  method  should  be  provided  to  increase 
gradually  the  number  of  cells  of  battery  that  are  being  used,  as 
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the  battery  becomes  more  and  more  discharged.  This  will  enable 
us  to  keep  practically  constant  voltage  supplied  the  lamps  so  that 
they  will  burn  at  almost  their  full  brilliancy  until  the  battery  is 
discharged.  For  this  purpose  we  provide  an  end  cell  switch. 
Since  we  should  be  able  to  obtain  a  reading  of  the  voltage  at 
three  different  places  and  there  is  only  one  voltmeter,  we  must 
provide  a  way  to  switch  the  voltmeter  terminals  from  one  place 
to  another.  A  plug  switch  is  therefore  provided,  having  three 
double  pairs  of  holes,  or  jacks.  To  the  upper  pair  of  each  one  of 
these  double  pairs  of  jacks  are  connected  the  leads  coming  from 
the  voltmeter.  To  the  lower  pair  of  the  first  double  pair  are 
brought  leads  from  the  two  terminals  of  the  dynamo;  to  the 
second,  leads  from  the  terminals  of  the  battery;  and  to  the  third, 
leads  from  the  two  sides  of  the  line  leading  to  the  lamps.      By 


Fig.  7    Switch  Board  Connections 
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means  of  a  four  point  plug  any  one  of  the  three  pairs  of  leads  can 
be  switched  on  the  voltmeter. 

Two  switches  are  provided, — one  double  throw  switch  by  which 
we  can  throw  the  dynamo  on  to  the  battery  for  charging,  or  by 
throwing  it  the  other  way  the  lights  can  be  operated  directly 
from  the  generator.  To  operate  the  lamps  directly  from  the 
dynamo,  the  voltage  must  be  reduced  to  about  26  or  27  volts. 
Otherwise  the  lamps  will  soon  be  burned  out  by  the  excess  volt- 
age. By  leaving  this  switch  open  and  closing  the  other  switch,  the 
dynamo  circuit  is  opened  and  the  battery  is  operating  the  lights. 
Of  course,  by  opening  the  latter  switch  also  the  lights  are  all 
turned  off.  Fig.  6  shows  a  diagram  of  the  switchboard  with  the 
apparatus  in  place.  Fig.  7  shows  the  rear  of  the  board  with  the 
connections  as  they  would  be  made.  Fig.  8  shows  a  schematic 
diagram  of  the  connections  in  the  power  plant.  Fig.  9  shows  the 
arrangement  of  the  engine  room. 
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Fig.  9    Engine  Room  Plan 


All  of  the  wires  leading  from  the  battery  to  the  switchboard 
and  the  circuit  from  the  switchboard  to  the  armature  terminals 
of  the  dynamo,  and  the  one  leading  from  the  switchboard  to  the 
house  should  be  large  enough  to  carry  the  maximum  current  with 
only  a  small  drop  in  voltage.       For  this  case,  8  amperes  will  be 
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about  the  maximum  current  used.  Assuming  a  distance  of  200 
feet  from  the  switchboard  to  the  cabinet  in  basement,  No.  8 
B.  and  S.  gage  wire  will  be  large  enough  to  carry  the  maximum 
current  with  only  a  small  loss.  Wires  of  this  size  are  therefore 
run  to  the  basement  and  from  there  directly  up  to  the  second  floor. 
Prom  the  distribution  cabinets  on  each  floor  leads  are  run  to  each 
room.  These  wires  need  to  be  no  larger  than  No.  14  since 
not  more  than  three  lights,  i.  e.,  three  amperes  of  current  are 
supplied  through  any  circuit. 

Ordinarily  a  plant  of  this  sort  would  be  housed  in  a  building 
large  enough  to  accommodate  all  of  the  machinery  of  the  farm 
that  could  be  operated  by  the  gasoline  engine.  Such  a  building 
would  usually  not  be  fire- proof,  so  to  decrease  the  fire  hazard  the 
gasoline  tank  should  be  buried  at  some  distance  from  the  build- 
ing and  the  supply  pumped  to  the  engine  as  needed.  Where 
space  is  limited  and  where  compactness  is  desired,  as  would  be 
the  case  if  the  plant  were  used  to  light  a  house  in  town,  a  fire- 
proof building  would  be  advisable.  Such  a  building  could  be 
built  of  brick  or  concrete  and  should  contain  a  separate  compart- 
ment for  the  gasoline  tank.  The  light  plant  could  then  be  placed 
near  other  buildings  without  danger  of  fire.  If  the  storage  bat- 
tery were  placed  in  the  basement  of  the  house,  as  may  be  done, 
a  10  by  16  ft.  building  would  be  of  ample  size  to  accommodate 
the  plant. 

Estimate  of  Cost  of  Plant 

A  good  storage  battery  of  the  40  ampere-hour  size  will  cost 
from  $4.00  to  $5.00  per  cell.  A  quotation  of  $4.60  per  cell  was 
made  by  one  of  the  best  companies.  Since  15  cells  are  required, 
the  total  cost  of  the  battery  will  be  approximately  $70.00. 

Gasoline  engines  can  be  estimated  at  about  $60.00  per  horse- 
power, the  smallest  sizes  costing  perhaps  a  little  more  than  this. 
A  two  horse- power  engine  of  a  good  make  will  cost  about  $125.00. 

Complete  switchboards  vary  in  cost  according  to  the  material 
of  the  board,  i.  e.,  whether  of  slate  or  marble  and  according  to 
the  grade  of  the  instruments  and  switches  furnished.  A  first-class 
marble  switchboard  equipped  with  good  instruments  will  cost  ap- 
proximately $100.00. 

A  one-half  kilowatt  dynamo,  shunt  wound,  45  volts,  of  a  first- 
class  make  can  be  had  for  $65.00. 
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Seventeen  tungsten  lamps  will  be  required,  each  costing  $1.00, 
making  a  total  of  $17.00. 

Fourteen  8  candle  power,  25  volt  carbon  lamps  will  cost  about 
$3.00. 

1000  feet  No.  14  wire $12.00 

550  feet  No.  8  wire 25.00 

Cabinet  for  basement 2 .  85 

Cabinet  for  first  floor 5 .  00 

Cabinet  for  second  floor 2 .  85 

Porcelain  cleats  and  tubes 2 .  00 

18  snap  switches 7 .  20 

Labor:  2  men,  8  days,  at  $3.00 48.00 

FIXTURES 

Living  Room:     One  3  light  pendant  fixture  fitted  with  one 

Holophane  reflector  and  two  stalactites 7.00 

Dining  Room:     Two  light  fixtures  with  Holophane  pris- 
matic bowl  reflectors 7 .  00 

Front  Hall:     Single  light  fixture  fitted  with  Holophane 

stalactite 4 .  00 

Kitchen:     Single  light  fixture  fitted  with  opal  bell  reflector  2 .  00 

One  adjustable  bracket  fixture 2.00 

Veranda:     Prismatic  reflecting  ball  in  ceiling  fixture  2 .  00 

Cellar:    Cleat  receptacles 

Five  required 1 .  25 

Bedrooms:     Single  light  bracket  fixture  with  opal  bell  re- 
flector   

Five  required 6 .  25 

Bath  Room:     Single  light  fixture  with  opal  bell  reflector  1.50 

Hall:     Second  floor;  Single  light  fixtures   with  opal  bell 

reflector 1.50 

Closet  and  Pantry:     Five  drop  cords  and  sockets  with  ceil- 
ing rosettes 1 .  50 

This  makes  a  total  cost  of  a  little  over  $525.00  for  the  entire 
outfit  and  for  its  installation.  Allowing  for  incidentals  and  for 
expenses  unprovided  for  in  the  estimate  the  plant  will  cost  not 
more  than  $550.00. 

If  necessary,  the  cost  of  several  items  of  the  estimate  could 
be  cut  down  so  as  to  make  a  cheaper,  though  a  very  satisfactory 
installation.     A  2  horse- power  gasoline  engine  can  be  had  on  the 
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market  for  $100.00,  that  will  serve  our  purpose.  It  will  be  lighter, 
will  not  run  quite  so  steadily  and  will  perhaps  not  last  quite  so  long, 
but  will  do  the  work  in  a  fairly  good  manner.  The  size  and  con- 
sequently the  cost  of  the  storage  battery  can  be  decreased  if  we 
are  content  to  charge  oftener.  A  30  ampere-hour  battery  will 
cost  about  $1.00  less  per  cell  than  the  40  ampere-hour  size.  This 
will  decrease  the  cost  of  the  battery  by  $15.00.  If  one  does  not 
care  so  much  for  the  appearance  of  the  switchboard,  a  slate  panel 
will  do  as  well  as  a  marble  one  and  would  be  considerably  cheap- 
er. Less  expensive  instruments  can  be  used  so  as  to  cut  down 
the  cost  of  the  board  to  $80.00  or  $90.00,  thus  decreasing  the 
cost  by  about  $15.00.  The  only  method  of  cutting  down  the  cost 
of  the  lighting  fixtures  that  is  recommended  is  to  omit  the  lights 
in  the  closets,  three  of  those  in  the  basement  and  the  light  from 
the  front  porch.  This  would  save  about  $5.00  in  fixtures,  wire, 
cleats  and  labor  and  $1.50  in  lamps.  A  cabinet  for  each  floor 
can  be  made  by  the  wire  men  cheaper  than  the  price  given  in  the 
estimate.  All  three  of  them  should  not  cost  more  than  $5.00, 
decreasing  the  cost  by  $5.50.  These  changes  will  decrease  the 
cost  $78.50,  making  the  plant  cost  a  little  more  than  $470.00. 

For  anyone  who  can  afford  a  more  expensive  plant  than  the 
one  we  have  designed  there  are  several  changes  that  can  be 
made.  In  the  apparatus  of  the  engine  room,  i.  e.,  the  engine, 
battery,  dynamo  and  switchboard  there  are  not  many  changes 
that  could  be  made  to  great  advantage.  A  gasoline  engine  made 
especially  for  driving  a  dynamo  can  be  bought  at  an  increase   of 

25  per  cent  in  the  price  quoted.  These  are  much  heavier  than  the 
one  decided  upon  and  will  therefore  run  much  more  smoothly  and 
give  better  satisfaction  if  lights  are  ever  operated  from  the 
dynamo  itself.  A  larger  storage  battery  can  be  obtained  if  it  is 
not  desirable  to  charge  often.  The  fixtures  used  in  this  design 
are  very  simple  and  inexpensive.  If  it  is  desired,  much  more 
elaborate  and  artistic  ones  can  be  bought.  The  dining  room  fix- 
ture may  be  a  fancy  art  glass  dome  suspended  by  a  chain.  The 
others  may  be  heavy  cast-brass  fixtures  of  any  suitable  design  and 
costing  almost  any  price  that  one  is  willing  to  pay.  Any  electric 
supply  house  will  give  quotations  upon  such  fixtures. 

Suggestions  About  Ordering  Apparatus 
Before  ordering   or  asking  for  quotations    upon  any  appa- 
ratus, the    various    steps    of  the  design  outlined  in  this  bulletin 
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should  be  carried  out  as  carefully  as  possible  and  the  sizes  of  the 
various  pieces  estimated.  Then  in  asking  for  quotations,  for 
instance,  on  the  storage  battery,  it  should  be  stated  about  what 
size  battery  you  think  will  be  required.  As  a  check  upon  the  work 
it  would  be  well  to  state  to  the  company  what  size  of  house  the 
plant  is  to  light,  how  many  lamps  in  each  room  and  the  maximum 
number  of  hours  each  lamp  will  burn  per  day.  This  will  give  the 
company  information  that  will  enable  them  to  advise  you  as  to  the 
proper  size  of  battery.  To  the  company  from  whom  quotations  on 
the  engine  are  asked  it  should  be  stated  what  size  of  dynamo  it  is 
intended  to  drive  and  what  machinery,  if  any,  will  be  operated  by 
the  engine  at  the  same  time  that  the  dynamo  is  running  and  what 
machinery  when  the  dynamo  is  not  running.  The  company  fur- 
nishing the  dynamo  should  know  that  it  is  for  battery  charging, 
and  just  how  many  and  what  size  cells  are  to  be  charged  from  it, 
and  if  it  is  desired  to  operate  the  lamps  at  any  time  directly  from 
the  dynamo.  The  storage  battery  companies  are  almost  always 
in  a  position  to  furnish  the  switchboard  and  will  fit  it  up  according 
to  the  design  given,  if  it  is  sent  to  them. 

Operation  and  Care  of  Apparatus 

Before  attempting  to  use  a  plant  such  as  the  one  just  de- 
signed, full  and  complete  instructions  should  be  obtained  from 
the  various  companies  for  the  care  and  operation  of  the  apparatus 
supplied  by  them.  This  is  especially  true  of  the  engine  and  storage 
battery.  All  dynamos  such  as  would  be  used  for  charging  a  bat- 
tery are  nearly  enough  alike  so  that  instructions  for  the  care  of 
one  dynamo  would  apply  equally  to  all.  However,  gasoline 
engines  and  storage  batteries  differ  enough  so  that  explicit 
instructions  should  be  obtained  from  the  company  furnishing 
them.  Some  instructions  will  be  given  here  for  the  operation  of 
the  plant  as  a  whole,  for  the  care  of  the  dynamo  and  some  general 
directions  as  to  the  care  and  operation  of  the  battery. 

It  is  presumed  that  a  competent  person  will  be  obtained  to  in- 
stall the  apparatus  and  do  the  wiring.  Such  a  person  can  be 
found  in  almost  any  small  city,  and  it  will  be  more  satisfactory 
to  employ  him  than  for  a  novice  to  attempt  to  do  the  work.  How- 
ever, it  is  seldom  that  even  a  man  who  is  perfectly  competent  to 
install  the  machines  and  do  the  wiring,  knows  much  about  storage 
batteries.     It  would  be  well  then   to   insist,    however  competent 
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the  man  is  known  to  be,  that  he  follow  the  general  directions 
which  will  be  given  regarding  the  installing  and  preliminary 
treatment  of  the  storage  batteries. 

For  the  proper  operation  of  the  storage  battery  there  will  be 
needed  two  small  pieces  of  apparatus.  One  is  a  hydrometer, 
which  is  a  small  glass  instrument  similar  in  appearance  to  a  ther- 
mometer. Its  purpose  is  to  determine  the  density  of  the  solution 
or  the  electrolyte  in  which  the  plates  of  the  battery  are  immersed. 
To  use  one  of  these  hydrometers,  all  that  must  be  done  is  to  place 
it  in  the  solution  between  the  plates  of  the  cell,  taking  care  that 
it  floats  free  of  the  plates.  It  will  sink  so  that  more  or  less  of  its 
stem  is  immersed  in  the  liquid.  This  stem  has  a  graduated  scale 
and  the  reading  taken  at  the  surface  of  the  liquid  gives  the  den- 
sity, or  specific  gravity  of  the  electrolyte,  that  is  to  say,  how 
many  times  heavier  it  is  than  pure  water.  The  company  from 
whom  the  battery  is  bought  will  furnish  one  of  these  hydrometers 
for  about  $1.00  or  $1.25.  There  will  also  be  needed  a  small  port- 
able voltmeter  that  will  measure  up  to  three  volts.  This  is  used 
for  determining  the  voltage  of  each  individual  cell.  A  suitable 
instrument  of  this  kind  may  be  had  from  almost  any  electrical 
supply  house  at  prices  varying  from  $4.00  to  $10.00. 

The  engine,  generator  and  switchboard  should  be  installed, 
tested  and  ready  to  operate  before  the  storage  battery  arrives. 
As  soon  as  the  cells  arrive  they  should  be  unpacked  and  assem- 
bled according  to  the  directions  furnished  by  the  company.  A 
strong  set  of  shelves  should  be  built  upon  which  to  place  the  bat- 
tery, and  it  should  be  remembered  in  building  them  that  nails  and 
bolts  are  soon  corroded  and  weakened  by  the  acid  fumes.  These 
shelves  should  be  arranged  so  that  there  is  plenty  of  room  around 
the  battery  so  that  the  plates  can  be  examined  and  the  voltage 
and  the  density  of  the  electrolyte  tested.  If  the  cells  are  placed 
in  two  rows,  one  on  top  of  the  other,  there  should  be  a  space  of 
at  least  one  foot  between  the  top  of  the  lower  cell  and  the  bottom 
of  the  top  shelf.  Wooden  sand  trays  and  insulators  are  usually 
supplied  by  the  company  furnishing  the  battery.  Each  of  these 
trays  is  filled  with  sand  and  placed  upon  four  of  the  insulators. 
The  battery  jar  is  then  set  upon  the  sand,  adjusted  so  that  it  is 
level  and  has  a  bearing  over  the  entire  bottom.  The  cells  are 
connected  so  that  the  positive  plate  of  one  cell  is  connected  to 
the  negative  plate  of  the  next  through  the  entire  battery.     Great 
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care  must  be  taken  to  connect  the  positive  plate  of  the  first  cell 
of  the  battery  to  the  positive  terminal  of  the  dynamo.  The  posi- 
tive plate  of  the  battery  can  be  distinguished  by  its  dark  brown 
color.  The  negative  has  a  sort  of  a  yellowish  gray  color.  The 
positive  terminal  of  the  dynamo  can  be  found  by  tracing  back 
from  the  switchboard  voltmeter.  Have  the  dynamo  running  and 
connect  the  voltmeter  to  the  dynamo  terminals  so  that  it  reads  in 
the  proper  direction.  Then  trace  from  the  voltmeter  terminal 
marked  +  back  to  the  dynamo.  The  terminal  to  which  it  is 
traced  will  be  the  positive  one.  Care  should  be  taken  that  this 
terminal  leads  to  the  end  of  the  battery  having  the  first  plate  of  a 
brown  color. 

The  acid  solution,  or  electrolyte,  should  in  no  case  be  put 
into  the  jars  until  every  thing  is  ready  to  begin  charging  the 
battery.  When  all  is  ready  the  solution  is  put  in,  the  engine  and 
dynamo  started  up,  and  the  rheostat  adjusted  until  the  proper 
charging  current  is  indicated  upon  the  ammeter.  As  a  pre- 
cautionary measure,  it  is  well  before  closing  the  switch 
to  the  battery,  to  adjust  the  rheostat  until  the  voltmeter 
reads  about  30  volts.  Then  the  switch  is  closed  and  the 
rheostat  adjusted  until  the  battery  is  charging  at  its  10  hour  rate. 
In  the  case  of  the  40  ampere-hour  battery,  this  would  be  approxi- 
mately 4  amperes.  The  electrolyte,  which  should  be  obtained 
ready  mixed  from  the  battery  company,  should  show  a  specific 
gravity  of  about  1.17  at  the  beginning  of  the  charge.  The  charg- 
ing should  be  continued  for  10  hours  a  day  for  about  three  days, 
or  until  the  electrolyte  bubbles  freely.  The  specific  gravity  of 
the  solution  and  the  voltage  of  the  cells  will  then  have  reached 
stationary  values  of  about  1.2  specific  gravity  and  2.5  volts.  Dur- 
ing this  charge  the  current  should  be  kept  at  a  constant  value  of 
about  4  amperes  by  the  adjustment  of  the  rheostat.  The  battery 
may  now  be  used  for  lighting  until  discharged  down  to  about  2.00 
volts  per  cell,  after  which  it  should  be  given  another  thorough 
charge.  This  system  of  moderate  discharge  and  thorough  charge 
should  be  kept  up  for  two  or  three  cycles  of  charge  and  discharge, 
after  which  the  battery  should  be  in  a  first-class  condition.  These 
are  general  instructions  for  almost  any  type  of  battery.  If  ex- 
plicit instructions  for  the  preliminary  treatment  of  the  battery 
are  furnished  by  the  storage  battery  company,  they   should  be 
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followed  closely  instead  of  the  directions  given  above.  The  ones 
given  here  are  for  use  in  case  other  instructions  are  lacking. 

After  the  preliminary  treatment  of  the  cells,  the  battery  may 
be  charged  at  any  convenient  time  no  matter  whether  fully  dis- 
charged or  not.  If  a  large  engine  has  been  purchased  with  the 
idea  of  operating  other  machinery  at  the  same  time  that  the 
dynamo  is  running,  the  dynamo  may  be  started  and  the  battery 
put  on  charge  whenever  the  other  machinery  has  to  be  used. 
Suppose  we  had  decided  upon  a  3  horse-power  engine  with  the 
idea  in  mind  of  operating  a  feed  grinder  at  the  same  time  as  the 
dynamo.  Then  whenever  the  grinder  has  to  be  used  it  would  pay 
to  start  the  dynamo  and  charge  the  battery  whether  or  not  it  had 
been  discharged  down  to  1.9  or  2.00  volts  per  cell. 

There  are  two  things  that  must  always  be  borne  in  mind  in 
operating  the  storage  battery.  The  first  is  that  the  cells  must 
not  under  any  circumstances  be  discharged  below  1.8  volts  per 
cell  and  preferably  not  below  1.9  or  1.95  volts.  If  discharged 
to  a  too  low  voltage  a  harmful  white  sulphate  forms  upon  the 
lead  plates.  This  sulphate  always  forms  when  the  plates  are  be- 
ing discharged,  but  if  the  discharge  is  not  carried  too  far  it  is 
destroyed  or  reduced  when  they  are  charged  again.  The  abnor- 
mal sulphate  caused  by  a  too  low  discharge  is  almost  impossible 
to  reduce  and  it  causes  the  plates  to  bend  or  buckle,  increases 
the  resistance  of  the  battery  and  consequently  lowers  its  efficiency 
and  decreases  the  ampere-hour  capacity  of  the  battery.  The 
other  precaution  is  to  be  sure  that  the  battery  gets  a  thorough 
charge  up  to  2.5  or  2.6  volts  per  cell  every  week  or  so.  This 
will  reduce  the  sulphate  that  has  been  formed  on  discharge  and 
will  keep  the  cells  in  good  condition. 

The  voltage  and  the  density,  or  specific  gravity  of  the  elec- 
trolyte of  each  cell,  should  be  observed  at  least  every  two  weeks 
and  the  battery  company  notified  and  asked  for  advice  if  either 
seems  to  show  unusual  values.  As  has  been  noted  before,  the 
voltage  per  cell  should  vary  from  1.8  volts  at  the  lowest  allow- 
able discharge  to  about  2.6  volts  in  the  fully  charged  condition 
dropping  to  2.2  or  2.3  volts  when  the  charging  current  is  stopped. 
The  specific  gravity  should  not  fall  below  about  1.18  when  dis- 
charged nor  above  1.24  when  fully  charged.  If  the  batteries  are 
well  cared  for  the  density  will  usually  remain  about  correct,  if 
they  are  periodically  filled  up  with  pure  water  to  supply   the  loss 
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by  evaporation.  It  is  best  to  use  nothing  but  distilled  water  for 
the  cells,  but  if  no  distilled  water  can  be  obtained,  good,  pure 
filtered  rain  water  may  be  used. 

The  battery  should  be  charging  at  its  "normal"  rate  when 
filling  up  the  cells  with  water  to  make  good  the  losses  by  evap- 
oration. This  causes  the  water  to  mix  more  quickly  with  the 
electrolyte  and  prevents  the  harmful  results  caused  by  having  the 
electrolyte  of  non- uniform  density. 

The  battery  should  not  be  allowed  to  stand  idle  after  dis- 
charge has  taken  place.  Put  it  on  charge  as  soon  as  possible 
after  it  has  reached  a  voltage  of  about  1.9  volts  per  cell. 

Sediment  should  not  be  permitted  to  collect  in  the  bottom  of 
the  battery  jars.  If  it  does  collect  the  cell  should  be  fully  charged, 
removed  from  the  battery,  the  electrolyte  drawn  out  and  the 
sediment  removed. 

The  color  of  the  plates  should  be  carefully  watched,  as  their 
color  gives  a  good  indication  of  their  condition.  When  the  plates 
are  first  set  up  the  negatives  are  a  yellowish  gray  and  the  posi- 
tives dark  brown,  usually  spotted  with  whitish  or  reddish  gray 
substances.  The  spots  are  sulphate  and  should  disappear  when 
the  cell  is  fully  charged.  When  in  good  operating  condition  the 
positives  are  dark  red,  chocolate  or  plum  color,  becoming  nearly 
black  when  charged.  If  fully  discharged,  the  whitish  or  reddish 
gray  patches  of  sulphate  appear.  The  negatives  are  a  sort  of  a 
pale  slate  color  that  becomes  darker  as  the  plates  are  charged. 
When  the  plates  are  in  good  condition  the  surface  of  the  positive 
plates  is  soft  and  the  color  will  rub  off  on  the  finger.  When  in 
bad  condition  the  surface  is  usually  hard. 

Voltmeter  reading  of  the  cells  should  be  taken  while  the  bat- 
tery is  discharging  in  order  to  get  a  good  idea  of  the  true  condi- 
tion of  the  cells.  Often  a  cell,  when  standing  idle,  will  indicate 
a  voltage  of  perhaps  2.0  volts,  but  as  soon  as  any  current  is  taken 
from  it,  the  reading  will  immediately  drop  to  a  much  lower  value. 

The  engine  room  should  be  heated  in  the  winter  to  keep  the 
solution  from  freezing.  A  low  temperature  of  the  electrolyte 
decreases  the  capacity  of  the  battery  to  a  marked  extent.  Hence 
if  the  battery  is  to  produce  its  full  rated  number  of  ampere-hours 
in  the  winter,  the  room  should  be  kept  at  a  temperature  of  not 
less  than  55°  or  60°  Fahrenheit.  In  many  cases  it  might  be  well 
to   have   the  battery    in    the    cellar    of   the    house.      Then  the 
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solution  would  keep  from  freezing  without  the  aid  of  artificial 
heat.  This  will,  of  course,  necessitate  having  the  wires  to  the 
storage  battery  much  longer  than  we  have  estimated.  Hence  the 
cost  of  the  wire  will  be  increased  somewhat,  but  the  increased 
cost  would  probably  be  justified. 

The  principal  things  to  watch  about  the  dynamo  are  the  bear- 
ings, the  commutator  and  the  brushes.  Needless  to  say,  the 
bearings  should  always  be  kept  supplied  with  a  good  quality  of 
oil,  and  watched  to  see  that  the  oiling  rings  rotate  freely  when 
the  machine  is  running.  The  brushes  and  commutator  should  be 
watched  carefully.  If  there  is  sparking  at  the  brushes  they 
should  be  examined  to  see  if  they  fit  the  commutator  perfectly 
at  every  point.  If  not,  they  should  be  sandpapered  carefully  as 
follows.  Take  a  strip  of  extra  fine  sand  paper  (never  emery 
cloth)  a  trifle  narrower  than  the  commutator  is  long.  Lift  up 
the  brush  and  slip  the  paper  under  it  with  the  smooth  side  next 
the  commutator.  Then  after  letting  the  brush  down  and  holding 
the  paper  snugly  against  the  commutator,  carefully  draw  the 
paper  under  the  brush  in  the  direction  in  which  the  commutator 
turns  when  the  dynamo  is  in  operation.  Lift  the  brush,  remove 
the  paper  and  repeat  the  process  until  the  brush  fits  perfectly. 
When  the  commutator  is  in  good  condition  it  will  not  have*  a 
bright  metallic  copper  color,  but  will  have  a  fine  dark  luster.  If 
the  commutator  is  bright  after  operating  for  a  while  the  brushes 
probably  bear  too  hard  or  else  there  has  been  sparking  at  the 
brushes.  Occasionally  the  commutator  should  be  cleaned  by 
holding  a  soft  rag,  slightly  oily,  upon  the  commutator  while  the 
machine  is  running.  This  will  lubricate  the  surface  slightly  and 
tend  to  make  the  brushes  operate  smoothly. 

Cost  of  Operation 

The  principal  cost  of  running  a  plant  such  as  the  one  designed 
is  the  cost  of  operating  a  gasoline  engine.  A  two  horse- power 
engine  will  cost  about  5  cents  per  hour  for  gasoline  running  at 
full  load.  When  the  engine  is  driving  the  dynamo  alone  it  is  giv- 
ing about  .7  horse-power  and  the  cost  of  gasoline  is  about  1 . 8  cents 
per  hour.  These  figures  are  assuming  gasoline  at  Ls  cents  per 
gallon.  The  dynamo  costs  very  little  to  operate;  almost  the  only 
item  is  that  of  oil  for  the  bearings;  this  is,  of  course,  small. 
The  storage  battery  requires  no  supplies  except  that  occasionally 
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some  sulphuric  acid  will  have  to  be  added  to  the  electrolyte  of 
those  cells  whose  specific  gravity  has  fallen  low.  The  acid  costs 
only  about  5  or  6  cents  a  pound  and  only  a  small  quantity  is  needed 
so  this  item  is  almost  negligible.  Depreciation  is  the  most  impor- 
tant item  in  storage  battery  operation  and  this  depends  altogether 
upon  the  treatment  of  the  battery.  It  matters  not  how  good  or 
how  poor  a  cell  may  be,  careless  treatment  will  reduce  its  life  of 
useful  service  to  a  few  months.  The  cost  of  maintenance  or  mak- 
ing good  this  depreciation  is  practically  that  of  renewing  the 
plates.  With  careful  use  the  positive  plates  of  a  battery  such  as 
has  been  selected  for  this  design  will  probably  need  renewal  in 
4  or  5  years  and  the  negatives  in  8  or  10  years.  This  will  make 
the  average  annual  cost  of  maintaining  the  battery  $8.00  or  $10.00 
per  year. 

Glossary  of  Technical  Terms 

Acid  Solution.  The  mixture  of  sulphuric  acid  and  distilled  water 
in  which  the  plates  of  the  storage  battery  are  immersed. 

Ammeter.  An  instrument  for  measuring  the  amount  in  amperes 
of  electric  current  flowing  in  the  circuit. 

Ampere.  The  unit  of  current  flow  in  electricity.  It  is  the  current 
that  will  flow  when  a  pressure  of  1  volt  is  applied  to  a  circuit 
having  a  resistance  of  1  ohm. 

Ampere- Hour.  The  number  of  amperes  flowing  in  a  circuit  multi- 
plied by  the  number  of  hours  that  it  flows. 

Armature.  That  part  of  the  dynamo  in  which  the  voltage  is  gener- 
ated.    Usually  the  rotating  part  of  the  dynamo. 

Bracket  Fixture.  A  lighting  fixture  which  is  fastened  to  the  wall 
in  the  manner  of  a  bracket.     See  Fig.  3. 

Brilliancy  of  Illumination.  The  brightness  or  intensity  of  illum- 
ination. It  depends  upon  the  candle  power  and  the  dis- 
tance of  the  surface  illuminated  from  the  light  giving 
source. 

Brushes.  The  small  carbon  blocks  on  a  dynamo  which  collect  the 
current  from  the  rotating  commutator. 

Cabinet.  A  box  or  cabinet  from  which  is  made  the  distribution 
of  wires  to  the  different  rooms  on  each  floor. 

Capacity.  (Of  battery).  The  number  of  ampere-hours  of  charge 
the  storage  battery  is  designed  to  receive.  (Of  dynamo). 
The    number    of   kilowatts   the   dynamo    is    designed    to 
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generate.     (Of   engine).     The  number  of  horse- power  the 

engine  is  designed  to  produce. 
Ceiling  Rosette.     A  device  made   of   porcelain   by  means  of  which 

connections  are  made  from  a  drop  cord  through  the  ceiling 

to  the  wires  above. 
Cell.     One   complete   unit   of  a  storage  battery  consisting  of  jar, 

plates,  electrolyte,  sand  tray  and  insulators. 
Circuit  Breaker.     An  automatic  switch  for  opening  battery  charg- 
ing circuit  when  for  any  reason,  the  dynamo  fails  to  deliver 

current. 
Cleat.     A  small  porcelain  device  for  fastening  and  insulating  cur- 
rent carrying  wires. 
Cleat  Receptacle.     A   combination   of   a   cleat   and   receptacle  for 

holding  an  incandescent  lamp. 
Commutator.     The   rotating  segmented  copper    portion    of    the 

dynamo  from  which  the  current  is  collected  by  means  of  the 

brushes. 
Conductor.     Any  substance  which  allows   electric  current  to  flow 

through  it.     The  insulated  wire  which  is  used  to  carry  the 

current. 
Current..     The  amount  of   electricity   that  flows.     It  is  measured 

in  amperes. 
Density  of  Electrolyte.     The  specific   gravity   of   the   electrolyte. 

The   number   of   times   a   given   quantity  of  electrolyte  is 

heavier  than  the  same  quantity  of  pure  water. 
Diffusing  Globe.     A  globe  that  breaks  the  light  up  into  fine  rays, 

thus  softening  it  to  the  eyes  and  removing  the  dazzling  and 

glaring  effect  of  the  light. 
Diffusion.     The  process  of  breaking   the   light   up  into  fine  rays, 

as  by  means  of  a  diffusing  globe. 
Distilled  Water.     Water  that  has  been  condensed  from  steam. 
Double  Throw  Switch.     A  switch  arranged   so   as  to  enable  one  to 

throw  either  of  two  pairs  of  wires  into  circuit.     See    "S"  in 

Fig.  6. 
Drop  Cord.     A  pair  of  flexible  rubber   insulated    wires  fitted  with 

a  lamp  socket.     They  are  used  where   a  very  cheap  sort  of 

a  lighting  fixture  is  desired. 
Dynamo.     A  machine  for  generating  electrical  power. 
Electrolyte.     The  acid  solution.     A  mixture  of  sulphuric  acid  and 

water  in  which  the  plates   of  the   storage   battei'y  are  im- 
mersed. 
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End  Cell.  A  cell  of  storage  battery  which  is  arranged  so  that  it 
can  be  cut  into  or  out  of  the  circuit,  so  as  to  regulate  the 
voltage  of  the  battery. 

End  Cell  Switch.  The  switch  by  means  of  which  the  end  cells  are 
cut  into  or  out  of  the  circuit. 

Fahrenheit.  The  scale  into  which  the  thermometers  ordinarily  in 
use  are  divided. 

Filament.     The  light- giving  part  of  an  incandescent  electric  lamp. 

Generator.     A  machine  for  generating  electrical  power.  A  dynamo. 

Holophane  Globe  or  Shade.  A  globe  or  shade  made  by  the  Holo- 
phane  Glass  Co.  They  are  made  of  clear  glass,  but  have 
flutings  or  prisms  that  deflect  and  diffuse  the  light. 

Horse-Power.  The  unit  of  mechanical  power.  It  requires  one 
horse- power  to  raise  33,000  pounds  one  foot  high  in  one 
minute  or  the  equivalent.  A  horse-power  equals  746  watts 
of  electrical  power. 

Hydrometer.  An  instrument  for  measuring  the  density  of  specific 
gravity  of  a  liquid. 

Incandescent  Electric  Lamp.  An  electric  lamp  in  which  a  conduct- 
ing filament  is  heated  by  an  electric  current  to  a  temper- 
ature sufficiently  high  to  give  off  light. 

Insulator.  A  substance  that  will  not  permit  the  passage  of  an 
electric  current.  A  sort  of  glass  knob  used  to  insulate  the 
storage  battery  from  the  ground. 

Intensity  of  Light.  The  number  of  candle  power  of  light  produced 
by  a  lamp  divided  by  the  area  of  the  light-giving  source, 
i.  e. ,  in  an  electric  lamp,  the  area  of  the  filament. 

Kilowatt.     Equal  to  1000  watts  or  1.34  horse-power. 

Lamp  Cord.  A  flexible,  twisted,  two  conductor  wire  used  in  mak- 
ing drop  and  extension  cords. 

Lamp-Hours.  The  number  of  lamps  multiplied  by  the  number  of 
hours  during  which  they  burn. 

Negative  Plate.     The  grayish  colored  plate  of  the  storage  battery. 

Negative  Terminal.  The  terminal  of  the  dynamo  or  battery  to 
which  the  current  returns  after  passing  through  the  circuit. 

Normal  Rate  of  Charge.  The  number  of  amperes  which  must  be 
forced  into  a  battery  to  charge  it  in  8  hours  from  a  nearly 
discharged  condition. 

Pendant  Fixture.  A  lighting  fixture  which  is  hung  from  the  ceil- 
ing.    See  Fig.  2. 
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Plug  Switch.  A  switch  in  which  electrical  connection  is  made  by- 
placing  a  metallic  plug  into  a  metallic  jack  or  hole. 

Positive  Plate.  The  brown  or  chocolate-colored  plate  of  a  storage 
battery. 

Positive  Terminal.  The  terminal  of  a  dynamo  or  battery  from 
which  the  current  flows  to  the  circuit. 

Pressure.  Voltage.  That  which  tends  to  cause  an  electric  cur- 
rent to  flow. 

Prismatic  Reflecting  Globes.  Globes  made  of  clear  glass  which  dif- 
fuse and  reflect  the  light  by  means  of  prisms  and  flu  tings 
on  the  surface. 

Resistance.  The  opposition  any  conductor  presents  to  the  flow  of 
an  electric  current.  It  is  measured  in  ohms.  1000  feet  of 
copper  wire  .1  of  an  inch  in  diameter  has  a  resistance  of  1 
ohm. 

Rheostat.  An  adjustable  resistance  used  for  varying  the  current 
in  a  circuit. 

Snap  Switch.  A  small  spring  switch  operated  by  turning  a  small 
button  or  key. 

Socket.  A  device  for  holding  and  making  electrical  connection  to 
the  filament  of  an  incandescent  lamp. 

Specific  Gravity.  Density.  The  number  of  times  any  substance  is 
heavier  than  pure  water. 

Storage  Battery.  An  apparatus  consisting  of  prepared  lead  plates 
immersed  in  dilute  sulphuric  acid  by  means  of  which  electric 
power  is  stored. 

Sulphate.  A  white  substance  that  sometimes  forms  on  the  plates 
of  a  storage  battery. 

Sulphuric  Acid.  The  acid  whose  chemical  formula  is  H.2S04.  It 
is  used  diluted  as  the  electrolyte  for  a  storage  battery. 

Switchboard.  The  slate  or  marble  panel  upon  which  measuring 
instruments,  controlling  switches,  rheostat,  etc.,  necessary 
for  the  operation  of  the  plant,  are  mounted. 

Tuhes.  Cylindrical  tubes  made  of  porcelain;  used  for  insulating 
a  current-carrying  wire  where  it  passes  through  a  hole  in 
the  wall,  partition,  etc. 

Tungsten  Filament.  A  filament  for  an  incandescent  lamp  made 
from  the  rare  metal,  tungsten. 
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Volt.  The  unit  of  electrical  pressure  or  voltage.  It  is  equal  to 
about  half  the  pressure  produced  by  an  ordinary  dry 
battery. 

Voltage.  Difference  of  electrical  pressure  or  that  which  tends  to 
make  current  now. 

Voltmeter.     An  instrument  for  measuring  voltage. 

Watt.  The  unit  of  electrical  power.  Equal  to  Ti^  part  of  a  horse- 
power.    Watts  equal  volts  times  amperes. 
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PREFACE 

The  Report  on  High  Steam- Pressures  in  Locomotive  Service, 
issued  by  the  Carnegie  Institution  of  Washington  as  Serial  No. 
66,  is  a  publication  of  144  pages  dealing  with  a  research  which  was 
carried  on  in  the  laboratory  of  Purdue  University  during  the  wri- 
ter's connection  with  that  University.  It  illustrates  and  describes 
the  locomotive  and  other  apparatus  employed,  and  presents  in 
tabulated  and  graphical  form  the  full  record  of  observed  and  de- 
rived results.  In  this  Review,  the  text  of  the  Report  has  been 
freely  quoted,  and  the  conclusions  and  arguments  by  which  they 
are  sustained  appear  as  given  in  the  original  publication.  The 
Review,  therefore,  takes  the  form  of  a  resume  of  the  research  and 
its  results,  the  complete  record  of  which  is  available  elsewhere. 

In  the  editorial  work  incident  to  the  preparation  of  this 
Review,  Mr.  Paul  Diserens  has  had  an  important  share. 

W.  F.  M.  G. 
December,  1908. 
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Introduction 

a  summary  of  conclusions 

The  results  of  the  study  concerning  the  value  of  high  steam  - 
pressures  in  locomotive  service,  the  details  of  which  are  presented 
in  succeeding  pages,  may  be  summarized  as  follows: 

1.  The  results  apply  only  to  practice  involving  single-expan- 
sion locomotives  using  saturated  steam.  Pressures  specified  are 
to  be  accepted  as  running  pressures.  They  are  not  necessarily 
those  at  which  safety  valves  open. 

2.  Tests  have  been  made  to  determine  the  performance  of  a 
typical  locomotive  when  operating  under  a  variety  of  conditions 
with  reference  to  speed,  power,  and  steam-pressure.  The  results 
of  one  hundred  such  tests  have  been  recorded. 

3.  The  steam  consumption  under  normal  conditions  of  run- 
ning has  been  established  as  follows: 

Boiler  pressure  1201b.,  steam  per  indicated  horse-power  hour  29.1  lb. 
Boiler  pressure  140  lb.,  steam  per  indicated  horse-power  hour  27.7  lb. 
Boiler  pressure  160  lb.,  steam  per  indicated  horse-power  hour  26.6  lb. 
Boiler  pressure  180  lb.,  steam  per  indicated  horse-power  hour  26.0  lb. 
Boiler  pressure  200  lb.,  steam  per  indicated  horse-power  hour  25.5  lb. 
Boiler  pressure  220  lb.,  steam  per  indicated  horse-power  hour  25.1  lb. 
Boiler  pressure  240  lb.,  steam  per  indicated  horse-power  hour  24.7  lb. 
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4.  The  results  show  that  the  higher  the  pressure,  the  smaller 
the  possible  gain  resulting  from  a  given  increment  of  pressure. 
An  increase  of  pressure  from  160  to  200  lb.  results  in  a  saving  of 
1.1  lb.  of  steam  per  horse-power  hour,  while  a  similar  change  from 
200  lb.  to  240  lb.  improves  the  performance  only  to  the  extent  of 
0.8  lb.  per  horse-power  hour. 

5.  The  coal  consumption  under  normal  conditions  of  running 
has  been  established  as  follows: 

Boiler  pressure  120  lb.,  coal  per  indicated  horse-power  hour  4.00  lb. 
Boiler  pressure  140  lb.,  coal  per  indicated  horse-power  hour  3.77  lb. 
Boiler  pressure  160  lb.,  coal  per  indicated  horse-power  hour  3.59  lb. 
Boiler  pressure  180  lb.,  coal  per  indicated  horse-power  hour  3.50  lb. 
Boiler  pressure  200  lb.,  coal  per  indicated  horse-power  hour  3.43  lb. 
Boiler  pressure  220  lb.,  coal  per  indicated  horse-power  hour  3.37  lb. 
Boiler  pressure  240  lb.,  coal  per  indicated  horse-power  hour  3.31  lb. 

6.  An  increase  of  pressure  from  160  to  200  lb.  results  in  a 
saving  of  0.16  lb.  of  coal  per  horse-power  hour,  while  a  similar 
change  from  200  to  240  lb.  results  in  a  saving  of  but  0.12  lb. 

7.  Under  service  conditions,  the  improvement  in  performance 
with  increase  of  pressure  will  depend  upon  the  degree  of  perfec-. 
tion  attending  the  maintenance  of  the  locomotive.  The  values 
quoted  in  the  preceding  paragraphs  assume  a  high  order  of  main- 
tenance. If  this  is  lacking,  it  may  easily  happen  that  the  saving 
which  is  anticipated  through  the  adoption  of  higher  pressures  will 
entirely  disappear. 

8.  The  difficulties  to  be  met  in  the  maintenance  both  of  boiler 
and  cylinders  increase  with  increase  of  pressure. 

9.  The  results  supply  an  accurate  measure  by  which  to  deter- 
mine the  advantage  of  increasing  the  capacity  of  a  boiler.  For 
the  development  of  a  given  power,  any  increase  in  boiler  capacity 
brings  its  return  in  improved  performance  without  adding  to  the 
cost  of  maintenance  or  opening  any  new  avenues  for  incidental 
losses.  As  a  means  to  improvement,  it  is  more  certain  than  that 
which  is  offered  by  increase  of  pressure. 

10.  As  the  scale  of  pressure  is  ascended,  an  opportunity  to 
further  increase  the  weight  of  a  locomotive  should  in  many  cases 
find  expression  in  the  design  of  a  boiler  of  increased  capacity 
rather  than  in  one  for  higher  pressures. 

11.  Assuming  180  lb.  pressure  to  have  been  accepted  as  stand- 
ard, and  assuming  the  maintenance  to  be  of  the  highest  order,  it 
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will  be  found  good  practice  to  utilize  any  allowable  increase  in 
weight  by  providing  a  larger  boiler  rather  than  by  providing  a 
stronger  boiler  to  permit  higher  pressures. 

12.  Wherever  the  maintenance  is  not  of  the  highest  order,  the 
standard  running  pressure  should  be  below  180  lb. 

13.  Wherever  the  water  which  must  be  used  in  boilers  con- 
tains foaming  or  scale-making  admixtures,  best  results  are  likely 
to  be  secured  by  fixing  the  running  pressure  below  the  limit  of 
180  lb. 

14.  A  simple  locomotive  using  saturated  steam  will  render 
good  and  efficient  service  when  the  running  pressure  is  as  low  as 
160  lb. ;  under  most  favorable  conditions,  no  argument  is  to  be  found 
in  the  economic  performance  of  the  engine  which  can  justify  the 
use  of  pressures  greater  than  200  lb. 
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HIGH  STEAM^PRESSURES  IN  LOCOMOTIVE  SERVICE 


I.    The  Research  and  the  Means  Employed  in  Its 
Advancement 

1.  Steam- Pressures  in  Locomotive  Service. — For  many  years 
past  there  has  been  a  gradual  but  nevertheless  a  steady  increase 
in  the  pressure  of  steam  employed  in  American  locomotive  service. 
Between  1860  and  1870  a  pressure  of  100  lb.  per  sq.  in.  was  com- 
mon. Before  1890  practice  had  carried  the  limit  beyond  150  lb. 
At  the  present  time  200  lb.  is  most  common,  but  an  occasional  re- 
sort to  pressures  above  this  limit  suggests  a  disposition  bo  ex- 
ceed it. 

High  steam-pressure  does  not  necessarily  imply  high  power. 
It  is  but  one  of  the  factors  upon  which  power  depends.  The 
forces  which  are  set  up  by  the  action  of  the  engine  are  as  much 
dependent  upon  cylinder  volume  as  upon  boiler-pressure,  and 
when  the  pressure  is  once  determined  the  cylinders  may  be  de- 
signed for  any  power.  The  limit  in  any  case  is  to  be  found  when 
the  boiler  can  no  longer  generate  sufficient  steam  to  supply  them. 
The  relation  between  pressure  and  power  is  therefore  only  an  in- 
direct one.  But  anything  which  makes  the  boiler  of  a  locomotive 
more  efficient  in  the  generation  of  steam,  or  the  engines  more  eco- 
nomical in  their  use  of  steam,  will  permit  an  extension  in  the  limit 
of  power.  If,  for  example,  it  can  be  shown  that  higher  steam- 
pressure  promotes  economy  in  the  use  of  steam,  higher  steam- 
pressure  at  once  becomes  an  indirect  means  for  increasing  power. 
The  fact  to  be  emphasized  is  that  an  argument  in  favor  of  higher 
steam-pressures  must  concern  itself  with  the  effects  produced  up- 
on the  economic  performance  of  the  boiler  or  engine. 

2.  Preparations  for  an  Experimental  Study. — In  view  of  the 
facts  stated,  and  with  the  hope  of  ascertaining  a  Logical  basis 
from  which  to  determine  what  the  pressure  should  be  for  a  si m- 
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pie  locomotive,  using  saturated  steam,  it  was  long  ago  deter- 
mined to  undertake  an  experimental  study  of  the  problem  upon 
the  testing  plant  of  Purdue  University.  A  few  experiments  in- 
volving the  use  of  different  steam-pressures  in  locomotive  service 
were  made  at  Purdue  as  early  as  1895,  but  as  the  boiler  of  the 
locomotive  then  upon  the  testing- plant  was  not  capable  of  with- 
standing pressures  greater  than  150  lb.,  these  early  tests  were 
limited  in  their  scope.1  The  matter  was,  however,  regarded  as  of 
such  importance  that  in  designing  a  new  locomotive  for  use  up- 
on the  plant,  a  pressure  of  250  lb.  was  specified — a  limit  which 
then  was  and  still  is  considerably  in  advance  of  practice.  Thus 
equipped,  an  elaborate  investigation  was  outlined,  involving  a 
series  of  tests  under  six  different  pressures,  representing  a  suffi- 
cient number  of  different  speeds  and  cut-offs  to  define  the  perform, 
ance  of  the  locomotive  under  a  great  range  of  conditions.  But  the 
expense  of  operating  the  locomotive  under  very  high  steam- pres- 
sures proved  to  be  so  great  that  the  limited  funds  which  could  be 
devoted  to  the  operations  of  the  laboratory,  in  combination 
with  the  demands  of  students,  which  could  be  most  easily  satisfied 
by  work  under  lower  pressures,  made  it  impracticable  for  a  time 
to  proceed  with  the  work.  A  grant  from  the  Carnegie  Institution 
of  Washington  was  announced  late  in  the  fall  of  1903.  The  first 
test  in  the  Carnegie  series  was  run  February  15,  1904,  and  the 
last  August  7,  1905.  A  registering  counter  attached  to  the  loco- 
motive shows  that  between  these  dates  the  locomotive  drivers 
made  3,113,833  revolutions,  which  is  equivalent  to  14,072  miles. 

3.  The  Tests. — The  tests  outlined  included  a  series  of  runs  for 
which  the  average  pressure  was  to  be,  respectively,  240,  220,  200, 
180,  160,  and  120  lb.,  a  range  which  extends  far  below  and  well  a- 
bove  pressures  which  are  common  in  present  practice.  It  was 
planned  to  have  the  tests  of  each  series  sufficiently  numerous  to 
define  completely  the  performance  of  the  engine  when  operated 
under  a  number  of  different  speeds  and  when  using  steam  in  the 
cylinders  under  several  degrees  of  expansion.  As  far  as  prac- 
ticable, each  test  was  to  be  of  sufficient  duration  to  permit  the  ef- 
ficiency of  the  engine  and  boiler  to  be  accurately  determined,  but 
where  this  could  not  be  done  cards  were  to  be  taken.  A  precise 
statement  of  the  conditions  under   which,  in  the  development   of 

i  Results  of  these  tests  will  be  found  published  in  Locomotive  Performance,  John  Wiley 
&  Sons. 
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this  plan,  the  tests  were  actually  run,  is  set  forth  diagrammati- 
cally  in  Fig.  1  to  6  accompanying,  in  which  vertical  distances  rep- 
resent speed,  and  horizontal  distances  the  point  of  cut-off  as  de- 
termined by  the  notch  occupied  by  the  latch  of  the  reverse  lever, 
counting  from  the  center  forward.  Each  complete  circle  in  these 
diagrams  represents  an  efficiency  test,  and  each  dotted  circle,  a 
shorter  test  under  conditions  involving  the  development  of  power 
in  excess  of  that  which  could  be  constantly  sustained.  The  nu- 
merals within  the  circles  refer  to  the  laboratory  numbers  by 
which  the  several  tests  are  identified. 
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4.  The  locomotive  upon  which  the  tests  were  made  is  that 
regularly  employed  in  the  laboratory  of  Purdue  University,  where 
it  is  known  as  Schenectady  No.  2.  It  was  ordered  of  the  Schenec- 
tady Locomotive  Works  in  1897.  In  selecting  a  second  locomo- 
tive which  should  serve  the  purposes  of  the  Purdue  testing- plant, 
it  was  decided  to  have  the  boiler  of  substantially  the  same  capac- 
ity as  that  of  the  locomotive  previously  employed  in  the  labora- 
tory and  which  in  later  years  has  been  known  as  Schenectady  No.  1. 
In  some  other  respects  the  new  locomotive  differed  from  its  pred- 
ecessor. Its  boiler  was  designed  to  operate  under  pressures  as 
high  as  250  lb. ,  a  limit  which  was  then  25  per  cent  higher  than 
the  maximum  employed  in  practice.  Horizontal  seams  are  butt- 
jointed  with  welt  strips  inside  and  out,  and  are  sextuple-riveted. 
The  design  of  its  cylinders  and  saddle  is  such  as  readily  to  per- 
mit the  conversion  of  the  simple  engine  into  a  two-cylinder  com- 
pound. The  driving-wheels  of  the  new  locomotive  are  of  larger 
diameter  than  those  of  Schenectady  No.  1. 


s^O-inlLi 


Fig.  7    Outline  Elevation  of  Locomotive 
The  principal  characteristics  of  the  locomotive  are  as  follows: 

Tvpe , 4-4-0 

Total  weight pounds  109  000 

Weight  on  four  drivers pounds  61  000 

Valves:  type,  Richardson  balanced 

Maximum  travel inches  6 

Outside  lap , inches  1  i 

Inside  lap inches  0 

Ports: 

Length inches  12 . 0 

Width  of  steam  port : inches  1 . 5 

Width  of  exhaust  port inches  3.0 

Total  wheel  base feet  23 
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Rigid  wheel  base feet  8.5 

Cylinders: 

Diameter inches  16 

Stroke inches  24 

Drivers,  diameter  front  tire inches  69.25 

Boilers,  (style,  extended  wagon-top:) 

Diameter  of  front  end inches  52 

Number  of  tubes 200 

Gage  of  tube 12 

Diameter  of  tube inches  2 

Length  of  tube feet  11.5 

Length  of  fire-box inches  72.06 

Width  of  fire-box inches  34.25 

Depth  of  fire-box inches  79 .  00 

Heating-surface  in  fire-box square  feet         126.0 

Heating-surface  in  tubes,  water  side  square  feet        1196.00 

Heating-surface  in  tubes,   fire  side.  square  feet        1086.00 
Total  heating-surface  including  water  side 

of  tubes  square  feet       1322.00 

Total   heating-surface    including  fire  side 

of  tubes square  feet       1212.00 

Total  heating-surface,   value   accepted  for 

use  in  all  calculations square  feet       1322.00 

Ratio  of    total   heating-surface  based    on 
water  side  of  tubes  to  that  based  on  fire 

side  of  tubes 1 .091 

Grate  area square  feet  17 .  00 

Thickness  of  crown-sheet inches  ^ 

Thickness  of  tube  sheet inches  ■& 

Thickness  of  side  and  back  sheets inches  | 

Diameter  of  stay-bolts inches  1 

Diameter  of  radial  stays inches  1  J 

Driving-axle  journals: 

Diameter inches  7  $ 

Length inches  v   - 

5.  An  Alternative  for  Higher  Steam-pressures. — Previous  pub- 
lications from  the  Purdue  laboratory  have  shown  the  possibility 
under  certain  conditions  of  finding  a  substitute  for  very  high 
boiler- pressures  in  the  adoption  of  a  boiler  of  larger  capacity, 
the  pressure  remaining  unchanged.  If,  for  example,  in  design- 
ing a  new  locomotive,  it  is  found  possible  to  allow7  an  increase  of 
weight  in  the  boiler,  as  compared  with  that  of  some  older  type  of 
machine,  it  becomes  a  question  as  to  whether  this  possible  in- 
crease in  weight  should  be  utilized  by  providing  for  a  high- pres- 
sure or  for  an  increase  in  the  extent  of  heating-surface.  The  re- 
sults of  tests,  supplemented  by  facts  concerning  the  weight  of 
boilers  designed  for  different  pressures  and  for  different  capac- 
ities, supply  the  data  necessary  for  an  analysis  of  this  question. 
Such  an  analysis  is  presented  elsewhere.  (See  Chapters  VI  and 
VII.) 
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II.     Difficulties  in  Operating  under  High-Pressures 

6.  The  Work  ivith  the  Experimental  Locomotive  has  shown 
that  those  difficulties  which  in  locomotive  operation  are  usually 
ascribed  to  bad  water  increase  rapidly  as  the  pressure  is  increased. 
The  water-supply  of  the  Purdue  laboratory  contains  a  consider- 
able amount  of  magnesia  and  carbonate  of  lime.  When  used  in 
boilers  carrying  low  pressure  there  is  no  great  difficulty  in  wash- 
ing out  practically  all  sediment.  The  boiler  of  the  first  experi- 
mental locomotive,  Schenectady  No.  1,  which  carried  but  140  lb. 
and  was  run  at  a  pressure  of  130  lb.,  after  serving  in  the  work 
of  the  laboratory  for  a  period  of  six  years,  left  the  testing-plant 
with  a  boiler  which  was  practically  clean.  Throughout  its  period 
of  service  this  boiler  rarely  required  the  attention  of  a  boiler- 
maker  to  keep  it  tight.  Water  from  the  same  source  was  ordin- 
arily used  in  the  boiler  of  Schenectady  No.  2,  which  carried  a  pres- 
sure of  200  lb.  or  more.  It  was  early  found  that  this  boiler 
operating  under  the  higher  pressure  frequently  required  the  at- 
tention of  a  boiler-maker.  After  having  been  operated  for  no 
more  than  30,000  miles,  cracks  developed  in  the  side-sheets,  mak- 
ing it  impossible  to  keep  the  boiler  tight,  and  new  side- sheets 
were  applied.  In  operating  under  pressures  as  high  as  240  lb. , 
the  temperature  of  the  water  delivered  by  the  injector  was  so 
high  that  scale  was  deposited  in  the  check-valve,  in  the  delivery- 
pipe,  and  in  the  delivery- tube  of  the  injector.  Under  this  pres- 
sure, with  the  water  normal  to  the  laboratory,  the  injectors  often 
failed  after  they  had  been  in  action  for  a  period  of  two  hours. 
The  interruptions  of  tests  through  failure  of  the  injector,  and 
through  the  starting  of  leaks  at  stay-bolts,  as  the  tests  proceeded, 
became  so  annoying  that,  as  a  last  resort,  a  new  source  of  water 
supply  was  found  in  the  return  tank  of  the  University  heating- 
plant.  This  gave  practically  distilled  water,  and  its  use  greatly 
assisted  in  running  the  tests  at  240  lb.  pressure. 

Probably  some  of  the  difficulties  experienced  in  operating 
under  very  high  steam- pressures  were  due  to  the  experimental 
character  of  the  plant,  and  would  not  appear  after  practice  had 
become  committed  to  the  use  of  such  pressures  by  a  gradual  pro- 
cess of  approach,  but  the  results  are  clear  in  their  indication  that 
the  problem  of  boiler  maintenance,  especially  in  bad- water  dis- 
tricts, will  become  more  complicated  as  pressures  are  further  in 
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creased.  Since,  taking  the  country  over,  there  are  few  localities 
where  locomotives  can  be  furnished  with  pure  water,  the  conclu- 
sion stated  should  be  accepted  as  rather  far-reaching  in  its  effect. 

The  tests  developed  no  serious  difficulties  in  the  lubrication  of 
valves  and  pistons  under  pressures  as  high  as  240  lb.,  though 
this  could  not  be  done  with  the  grade  of  oil  previously  employed. 

With  increase  of  pressure  any  incidental  leakage,  either  of  the 
boiler  or  from  cylinders,  becomes  more  serious  in  its  effect  upon 
performance.  In  advancing  the  work  of  the  laboratory,  every 
effort  was  made  to  prevent  loss  from  such  causes,  and  tests  were 
frequently  thrown  out  and  repeated  because  of  the  development 
of  leaks  of  steam  around  piston  and  valve  rods,  or  of  water  from 
the  boiler.  Notwithstanding  the  care  taken,  it  was  impossible 
under  the  higher  pressures  to  prevent  all  leakage,  and  the  best 
that  can  be  said  for  the  data  under  these  conditions  is  that  they 
represent  results  which  are  as  free  as  practicable  from  irregular- 
ities arising  from  the  causes  referred  to;  that  is,  as  far  as  leak- 
age may  affect  performance,  the  results  of  the  laboratory  tests 
may  safely  be  accepted  as  a  record  of  maximum  performance. 

In  concluding  this  brief  review  of  the  difficulties  encountered 
in  the  operation  of  locomotives  under  very  high  steam-pressures, 
the  reader  is  reminded  that  an  increase  of  pressure  is  an 
embellishment  to  which  each  detail  in  the  design  of  the  whole  ma- 
chine must  give  a  proper  response.  A  locomotive  which  is  to  oper- 
ate under  such  pressure  will  need  to  be  more  carefully  designed 
and  more  perfectly  maintained  than  a  similar  locomotive  designed 
for  lower  pressure;  and  much  of  that  which  is  crude  and  imperfect, 
but  nevertheless  serviceable  in  the  operation  of  locomotives  us- 
ing a  lower  pressure,  must  give  way  to  a  more  perfect  practice  in 
the  presence  of  the  higher  pressure. 


III.     Boiler  Performance 

7.  The  Performance oj  the  Boiler. — The  pounds  of  waterevapo- 
rated  per  pound  of  coal  plotted  in  terms  of  rate  of  evaporation  is 
shown  for  each  of  the  several  pressures  in  Pig.  8.  The  equations 
representing  the  performance  of  the  boiler  and  furnace  as  estab- 
lished by  these  lines  are: 
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E  =  11.040  -  .221  H,  when  pressure  is  240 
E  =  11.310  -  .221  H,  when  pressure  is  220 
E  =  11.373  -  .221  H,  when  pressure  is  200 
E  =  11.469  -  .221  H,  when  pressure  is  160 
E  =  11.357  -  .221  H,  when  pressure  is  120 
where  E  is  the  number  of  pounds  of  water  evaporated  from  and  at 
212° per  pound  of  coal,  andMs  the  number  of  pounds  of  water  evap- 
orated from  and  at  212°  per  sq.ft.  of  heating-surface  per  hour.  The 
area  of  heating-surface  employed  is  based  upon  the  interior  sur- 
face of  the  fire-box  and  the  exterior  surface  of  the  tubes.     In  de- 
termining the  position  of  the  lines  represented  by  these  equations 
certain  conventions  were  adopted.     These,  and  the  reasons  un- 
derlying them,  may  be  described  as  follows: 

The  only  difference  in  the  running  conditions  applying  to  the 
tests  of  each  series  is  that  of  pressure,  and  as  the  terms  em- 
ployed in  plotting  the  several  diagrams  are  the  same,  it  is 
evident  that  the  differences  in  performance  are  only  such  as  may 
result  from  the  difference  in  pressure.  Since  the  quantities  are  in 
terms  of  equivalent  evaporation,  the  differences  can  not  be  great. 
Accepting  this  view,  it  was  first  sought  to  determine  the  slope  of 
the  lines  for  the  several  groups.  This  was  done  by  plotting  upon 
a  single  sheet  all  the  points,  eight  in  number,  available  for  the 
series  at  240  lb.  together  with  eight  points  selected  as  fairly  rep- 
resentative from  each  of  the  other  series,  making  forty  points 
in  all.  The  result  is  shown  in  Pig.  9.  Points  thus  plotted  were 
divided  into  two  groups,  one  representing  the  lower  rates  of  com- 
bustion, and  the  other  representing  the  higher  rates,  the  points 
being  so  chosen  that  each  group  contained  four  points  from  each 
of  the  several  series.  The  ordinates  and  abscissae  for  points 
of  each  group  were  then  determined,  and  the  several  values  thus 
obtained  averaged.  The  final  results  were  then  plotted,  giving 
the  points  shown  by  the  circles  inclosing  a  cross  (Pig.  9). 
The  equation  from  the  line  drawn  through  these  points  is 

E  =  11.305  -  0.221   H 

The  line  thus  found  (Fig.  9)  may  fairly  be  assumed  to  represent 
the  slope  of  the  mean  line  of  any  number  of  points  which  for  pur- 
poses of  comparison  may  be  selected  from  the  larger  group. 

In  determining,  therefore,  the  location  of  the  mean  lines  (Fig.  8), 
the   abscissae   and   ordinates   of  all    points  were   averaged   and 
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the  results  plotted.     Through  the  derived  point  a  line  is  drawn 
having  the  slope  already  found;  that  is,  the  mean  line  of  Fig.  9. 

8.  Effect  of  Changes  in  Steam- pressure  upon  the  Evaporative  Effi- 
ciency of  the  Boiler. — The  generation  of  steam  at  a  pressure  of  120 
lb.  involves  a  temperature  of  the  water  which  is  50°  less  than  that 
which  must  be  dealt  with  in  generating  steam  at  a  pressure  of 
240  lb.,  and  in  general  it  has  been  assumed  that  any  increase  in 
boiler- pressure  necessarily  results  in  some  loss  of  evaporative 
efficiency.  It  has  been  known  that  for  the  small  ranges  of  pres- 
sure common  in  stationary  practice  this  difference  is  not  great, 
but  the  facts  have  not  been  established  with  reference  to  locomo- 
tive performance  or  for  ranges  as  greafc  as  those  covered  by  the 
experiments  under  consideration  in  any  service. 

The  performance  of  the  boiler  experimented  upon  under  a 
range  of  pressure  varying  from  240  to  120  lb.  may  be  seen  by 
comparing  the  mean  curves  already  developed  (Fig.  8).  This 
diagram  shows  thab  the  lowest  efficiency  is  obtained  with  the 
highest  pressure  and  that  with  one  exception  the  lines  represent- 
ing performance  under  different  pressures  fall  in  order,  inversely 
with  the  pressure.  The  exception  is  to  be  found  in  the  line  repre- 
senting performance  at  120  lb.  pressure.  This  line  falls  low,  a 
condition  which  may  be  explained  by  the  fact  that  the  spark  and 
cinder  losses  for  these  tests  are  known  to  have  been  excess- 
ive. The  mean  line  located  from  40  points,  representing  all  pres- 
sures (Fig.  9),  will  represent  any  of  the  lines  of  Fig.  8  with  an 
error  not  greater  than  0.2  lb. 

The  results  clearly  define  four  general  facts,  which  may  be 
stated  as  follows: 

(a).  The  evaporative  efficiency  of  a  locomotive  boiler  is  but 
slightly  affected  by  changes  in  pressure. 

(b).  Changes  in  steam-pressure  between  the  limits  of  120  lb. 
and  240  lb.  will  produce  an  effect  upon  the  efficiency  of  the  boiler 
which  will  be  less  than  0.5  lb.  of  water  per  pound  of  coal. 

(c).  The  equation  E  —  11.305  —  0.221  // represents  the  evapo- 
rative efficiency  of  the  boiler  of  locomotive  Schenectady  No.  £when 
fired  with  Youghiogheny  coal  for  all  pressures  between  the  limits 
of  120  lb.  and  240  1b.  with  an  average  error  for  any  pressure 
which  does  not  exceed  2.1  per  cent. 

9.  Smoke-box  Temperatures. — The  results  of  the  tests  show 
that  in  all  cases  the  temperature  of  the  smoke-box  gases  increases 
as  the  rate  of  evaporation  increases.     Plotted  diagrams  showing 
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Fig.  8    Evaporation  per  Pound  of  Coal  under  Different 
Conditions  of  Pressure 
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the  exact  relationship  indicate  a  marked  similarity  for  all  pres- 
sures; all  have  the  same  slope  and  if  superimposed  they  would 
fall  very  closely  together. 

Thus,  they  show  that  when  the  rate  of  evaporation  is  9  lb. 
per  ft.  of  heating-surface  per  hour,  the  smoke-box  temperature 
for  all  pressures  is  between  the  limits  of  700°  and  730°  F.  There 
are  but  four  results  for  a  pressure  of  240  lb. ,  in  comparison  with 
eight  or  more  for  other  pressures.  If  the  results  from  the  tests 
at  240  lb.  pressure  be  omitted  it  will  be  found  that  those  remain- 
ing, which  represent  a  range  of  pressure  from  220  lb.  to  120  lb., 
are  nearly  identical.  This  is  best  shown  by  the  equations  of  the 
curves  in  question,  which  are  given  in  Table  1. 


TABLE  1 
Smoke-box  Temperatures  under  Different  Pressures 


Boiler-pressure 
pounds 


220 
200 
160 
120 

Average 


Equations 


T=  496.3  +  25.66  H 
!T=  491.0 +  25.66  H 
T=  487.7+  25.66  S 
T=  478.9  +  25.66  H 


--  488.5  -  25.66  K 


The  average  of  the  several  equations  represents  the  average 
of  any  of  the  several  groups  of  results  obtained  under  different 
pressures,  with  an  error  which  in  no  case  exceeds  10°  F. ,  or  2  per 
cent. 

Again,  the  equations  show  that  the  effect  of  increasing  the 
pressure  from  120  lb.  to  220  lb.  is  to  increase  the  smoke-box  tem- 
perature 17°;  that  is,  an  increase  of  pressure  of  nearly  100  per 
cent  results  in  an  increase  of  smoke- box  temperature  of  approxi- 
mately 8.5  per  cent. 

In  the  preceding  statements  is  to  be  found  an  explanation  of 
the  constancy  in  the  evaporative  efficiency  of  the  boiler  under 
different  steam- pressures.  The  fact  seems  to  be  that  the  water  in 
the  boiler  is  about  as  effective  in  absorbing  the  heat  of  the  gases 
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when  its  temperature  is  400°  (2401b.  pressure)  as  when  its  temper- 
ature is  but  350°  (120  lb.  pressure). 

The  data  sustain  the  following  conclusions: 

(a).  The  smoke-box  temperature  falls  between  the  limits  of 
590°  F.  and  850°  F.,  the  lower  limit  agreeing  with  a  rate  of  evap- 
oration of  4  lb.  per  ft.  of  heating-surface  per  hour  and  the  latter 
with  a  rate  of  evaporation  of  14  lb.  per  ft.  of  heating-surface  per 
hour. 

(b).  The  smoke-box  temperature  is  so  slightly  affected  by- 
changes  in  steam-pressure  as  to  make  negligible  the  influence  of 
such  changes  in  pressure  for  all  ordinary  ranges. 

(c).  The  equation  T  =  488.5  +25.66  H,  where  T  is  the  tem- 
perature of  the  smoke-box  expressed  in  degrees  F.,  and  H  is 
pounds  of  water  evaporated  from  and  at  212°  per.  ft.  of  heating- 
surface  per  hour,  possesses  a  high  degree  of  accuracy. 

10.  Draft.  — The  term  '  'draft, "  as  herein  employed,  represents 
a  reduction  of  pressure  as  compared  with  that  of  the  atmosphere 
expressed  in  inches  of  water.  The  draft  was  observed  at  three 
different  points  between  the  ash-pan  and  the  stack.  These  were 
the  smoke-box  in  front  of  the  diaphragm,  the  smoke-box  back  of 
the  diaphragm,  and  the  fire-box.  At  each  of  these  points  con- 
nection was  made  with  a  U-tube  containing  water.  The  results 
for  each  different  steam-pressure  vary  but  little  so  that  those  rep- 
resenting the  draft  as  affected  by  rate  of  evaporation  for  any 
one  pressure,  for  example,  160  (Fig.  10),  are  fairly  representative 
of  the  entire  exhibit.  Referring  to  Fig.  10,  the  solid  points  rep- 
resent the  draft  in  the  smoke-box  in  front  of  the  diaphragm; 
the  crosses,  the  draft  behind  the  diaphragm;  and  the  circles,  the 
draft  in  the  fire-box.  Expressing  the  results  in  other  terms,  it 
appears  that  vertical  distances  between  the  highest  curve  and 
the  intermediate  represent  the  resistance  of  the  diaphragm;  verti- 
cal distances  between  the  intermediate  and  the  lowest  curve,  the 
resistance  of  the  tubes;  and  vertical  distances  between  the  lowest 
curve  and  the  axis,  the  resistance  of  the  ash  pan,  the  grate,  and 
the  fire  upon  it.  Values  under  this  curve  are  a  close  approach  to 
the  effective  draft.  In  general,  draft  values  vary  greatly  with 
the  conditions  at  the  grate.  A  thin,  clean  fire  results  in  compar- 
atively low  draft  values  throughout  the  system,  while  a  thick 
fire,  or  one  which  is  choked  by  clinkers,  leads  to  the  reverse  re- 
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suits.     It  is  for  this  reason  that  individual  points  representing 
draft  sometimes  vary  widely  from  the  mean  of  all  results. 

When  the  rate  of  evaporation  is  10  lb.  per  ft.  of  heating-sur- 
face per  hour,  the  draft  in  front  of  the  diaphragm  is  approximate- 
ly 4  inches  for  all  pressures. 
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Fig.  10    Draft 


11.  Composition  of  Smoke-box  Gases. — As  previous  experiments 
had  shown  irregularities  in  the  evaporative  efficiency  of  boilers  of 
locomotives,  it  was  early  decided  to  proceed  with  care  in  deter- 
mining the  composition  of  the  smoke-box  gases.  It  seemed  prob- 
able that  if  the  composition  of  these  were  known  for  each  test, 
variations  in  the  evaporative  efficiency  of  the  boiler  might  be  ex- 
plained. To  this  end,  therefore,  each  step  in  the  process  was 
carefully  considered,  and  the  work  of  sampling  and  analyzing  the 
gases  was  assigned  to  a  chemist  of  experience  who  had  no  other 
duties  to  perform. 

The  gases  were  drawn  from  the  smoke-box  over  mercury,  a 
period  of  from  a  half  hour  to  an  hour  and  a  half  being  employed 
in  securing  the  sample.  The  sampling-tube  was  of  copper  and 
of  small  diameter.  Its  length  was  sufficient  to  extend  to  the 
center  of  the  smoke-box,  and  gas  was  admitted  to  it  by  small  per- 
forations at  the  extreme  end  only.     This  tube   could  be  drawn  in 
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and  out  through  a  stuffing-box  to  permit  the  sample  to  be  taken 
either  from  the  center  of  the  smoke- box  or  from  any  location  be- 
tween that  point  and  the  shell.  In  securing  the  sample  it  was  the 
practice  to  move  the  tube  systematically  at  regular  intervals  of 
time.  By  these  means  it  was  assumed  that  abnormal  results 
due  to  fluctuations  in  the  condition  of  the  fire  would  be  entirely 
avoided. 

The  results,  notwithstanding  all  precautions,  have  not  proved 
entirely  satisfactory;  that  is,  where  the  evaporative  performance 
is  abnormal,  they  do  not  permit  the  assignment  of  a  definite 
cause.  The  defects  are  doubtless  due  to  faulty  sampling,  though 
it  is  not  clear  in  what  manner  the  sampling  may  be  improved  in 
connection  with  locomotive  work.  They  do,  however,  entirely 
justify  certain  general  conclusions.  They  show  that  the  amount 
of  excess  air  admitted  to  the  furnace  is  never  great,  and  in  most 
cases  it  is  very  small — far  below  the  limits  which  are  thought  de- 
sirable in  stationary  practice.  They  show,  also,  that  the  excess 
air  diminishes  as  the  rate  of  combustion  increases.  It  is  appar- 
ent, therefore,  that  the  loss  in  efficiency  arising  from  excess  air  is 
under  normal  conditions  smaller  than  in  most  other  classes  of  ser- 
vice. Moreover,  while  the  supply  of  air  appears  limited,  it  is 
significant  that  the  losses  from  imperfect  combustion,  as  shown 
by  the  presence  of  CO,  are  also  small,  the  actual  amount  varying 
irregularly  between  limits  which  are  very  narrow. 

12.  The  quality  of  steam  was  uniformly  high  under  all 
conditions  for  pressure,  the  average  for  all  tests  being  99.08.  The 
quality  declined  slightly  with  increase  of  pressure,  but  in  no  case 
did  the  moisture  exceed  1.35  per  cent. 


IV.     Engine  Performance 

13.  Mean  Effective  Pressure. — A  review  of  the  calculated 
results  shows  that  the  possible  range  of  cut-off  under  a  ful- 
ly-open throttle  is  reduced  by  a  definite  amount  with  each  incre- 
ment of  pressure.  For  example,  under  120  lb.  pressure,  it  is 
possible  to  operate  at  30  miles  per  hour  with  the  reverse  lever  in 
the  fourteenth  notch  from  the  center,  while  at  240  lb.  the  longest 
cut-off  under  similar  conditions  of  speed  is  represented  by  the 
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fourth  notch  of  the  reverse  lever.  It  is  of  interest  to  note,  also, 
that  within  the  range  of  the  experiments  each  change  in  the  posi- 
tion of  the  reverse  lever  results  in  a  change  in  power  which  is 
nearly  proportional  to  the  extent  of  the  movement  of  the  reverse 
lever . 

14.  The  Indicated  Horse-poiuer. — The  range  in  the  values  of  the 
indicated  horse- power  for  all  pressures  falls  between  the  limits  of 
134  and  610  horse-power.  It  appears  from  the  results  that  with 
the  coal  used  during  the  tests  the  normal  power  of  the  locomotive 
tested,  when  run  at  speed,  is  between  450  and  500  horse- power. 
The  development  of  more  than  500  horse- power  was  always  at- 
tended by  unusual  efforts  on  the  part  of  the  fireman. 
The  power  of  the  engine,  under  a  pressure  of  240  lb.,  was  readily 
developed  with  the  reverse  lever  in  the  second  and  fourth 
notches,  while  under  120  lb.  pressure  either  a  high  speed  or  a 
much  longer  cut-off  must  be  employed  before  this  condition  is 
reached.  All  this,  of  course,  grows  out  of  the  fact  that  in  experi- 
ments involving  a  wide  range  of  pressure  the  cylinder  volume  re- 
mained constant.  It  is  significant  that  the  only  two  tests  giving 
a  horse -power  in  excess  of  600  lb.  were  run  at  180  lb.  and  200  lb. ,  re- 
spectively. It  will  hereafter  be  shown  that  the  operation  of  the 
engine  under  these  pressures  was  more  efficient  than  under  con- 
ditions of  pressure  which  were  either  lower  or  higher.  Remem- 
bering that  the  results  disclose  the  entire  range  for  which  it  was 
practicable  to  operate  the  engine  under  a  fully-open  throttle,  it 
will  be  accepted  as  a  noteworthy  fact  that  the  higher  pressures 
do  not  serve  to  increase  the  output  of  power. 

15.  Steam  per  Indicated  Horse-power  per  Hour. — The  high  ef- 
ficiency which  is  implied  by  results  showing  the  steam  consump- 
tion per  indicated  horse- power  per  hour,  and  the  narrow  range 
which  they  represent,  taken  in  connection  with  the  comprehen- 
sive character  of  the  running  conditions  involved,  are  matters  of 
more  than  ordinary  importance.  For  example,  at  a  pressure  of 
240  lt>.,  the  engine  experimented  upon,  when  working  under  a 
fully-open  throttle,  gave  a  horse-power  hour  in  return  for  the 
consumption  of  less  than  24  lb.  of  steam,  and  under  any  condition 
of  speed  or  cut-off  for  which  it  was  found  possible  to  operate  the 
•engine  under  a  wide-open  throttle,  the  consumption  never  exceed- 
ed 26.3  lb.  At  lower  pressures,  involving  the  possibility  of  a 
wider  choice  in  the  conditions  of  operating,  the  range  is  somewhat 
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increased.  Thus,  at  120  lb.  pressure  the  minimum  value  is  27.5 
and  the  maximum  33.8,  a  range  which,  while  greater  than  that  just 
referred  to,  is  nevertheless  extremely  narrow  as  compared  with  the 
range  incident  to  the  operation  of  other  classes  of  engines . 

The  most  efficient  point  of  cut-oti  for  the  lowest  pressure  is 
that  secured  when  the  reverse  lever  is  in  the  eighth  notch,  which 
is  equal  to  35  per  cent  of  the  stroke.  At  200  lb.  pressure  the 
most  efficient  cut-off  is  that  represented  by  the  sixth  notch,  or  27 
per  cent  of  the  stroke,  and  the  data  do  not  disclose  that  a  short- 
er cut-off  than  this  under  a  fully -open  throttle  is  profitable  for  the 
engine  experimented  upon,  even  though  the  pressures  be  raised 
to  240  lb.  In  all  cases  the  best  results  are  obtained  at  a  speed 
either  of  20  or  40  miles  an  hour;  for  all  pressures  above  160  lb., 
the  most  efficient  speed  is  40  miles.  The  law  of  the  change  of 
efficiency  with  changes  in  speed  has  been  discussed  and  the  rea- 
sons underlying  pointed  out  elsewhere.1 

The  least  steam  consumption  for  each  speed  under  the  sever- 
al different  pressures  employed  is  set  forth  in  Fig.  11.  The  val- 
ues of  the  figure  are  of  interest.  They  do  not,  however,  consti- 
tute a  satisfactory  base  upon  which  to  form  comparisons. 
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Fig.  11     Least  Steam  for  Each  of  the  Several  Speeds  at 
Different  Pressures 

16.  Steam  Consumption  under  Different  Pressures. — The  shad- 
ed zone  upon  Fig.  12  represents  the  range  of  performance  as  it 
appears  from  all  tests  run  under  the  several  pressures  employed. 


1  Locomotive  Performance,  published  by  John  Wiley  &  Sons. 
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For  purposes  of  comparison,  it  is  desirable  to  define  the  effect  of 
pressure  on  performance  by  a  line,  and  to  this  end  an  attempt 
has  been  made  to  reduce  the  zone  of  performance  to  a  represent- 
ative line.  In  preparing  to  draw  such  a  line,  the  average  per- 
formance of  all  tests  at  each  of  the  different  pressures  was  ob- 
tained and  plotted,  the  results  being  shown  by  the  circles  in  Fig. 
12.  Points  thus  obtained  can  be  regarded  as  fairly  representing 
the  performance  of  the  engine  under  the  several  pressures  only 
so  far  as  the  tests  run  for  each  different  pressure  may  be  assumed 
to  fairly  represent  the  range  of  speed  and  cut-off  under  which 
the  engine  would  ordinarily  operate.  The  best  result  for  each 
different  pressure,  as  obtained  by  averaging  the  best  results  for 
each  speed  at  constant  pressure,  is  given  upon  the  diagram  in 
the  form  of  a  light  cross.  These  points  may  be  regarded  as  fur- 
nishing a  satisfactory  basis  of  comparison  in  so  far  as  it  may  be 
assumed  that  when  the  speed  has  been  determined,  an  engine  in 
service  will  always  operate  under  conditions  of  highest  efficiency. 
Again,  the  left-hand  edge  of  the  shaded  zone  represents  a  com- 
parison based  on  maximum  performance  at  whatever  speed  or 
cut-off.  In  addition  to  the  points  already  described,  there  is  lo- 
cated upon  the  diagram  (Fig.  12)  a  curve  showing  the  perform- 
ance of  a  perfect  engine,1  with  which  the  plotted  points  derived 
from  the  data  of  tests  may  be  compared.  Guided  by  this  curve 
representing  the  performance  of  a  perfect  engine,  a  line,  AB,  has 
been  drawn  proportional  thereto,  and  so  placed  as  to  fairly  rep- 
resent the  circular  points  derived  from  the  experiments.  It  is 
proposed  to  accept  this  line  as  representing  the  steam  consump- 
tion of  the  experimental  engine  under  the  several  pressures  em- 
ployed. It  is  to  be  noted  that  it  is  not  the  minimum  performance 
nor  the  maximum,  but  it  is  a  close  approach  to  that  performance 
which  is  suggested  by  an  average  of  all  results  derived  from  all 
tests  which  were  run.  Since  its  form  is  based  upon  a  curve  of 
perfect  performance,  it  has  a  logical  basis,  and  since  it  does  no 
violence  to  the  experimental  data,  its  use  seems  justifiable. 

17.  Performance  under  DiffereiU  Pressures,  A  Logical  Basis  for 
Comparison. — The  record  of  boiler  performance  as  set  forth  in 

i  This  curve  represents  the  performance  of  an  engine  working  on  Carnot's  eyole.  the  Ini- 
tial temperature  being  that  of  steam  at  the  several  pressures  stated,  and  the  tinai  tempera- 
ture being  that  of  steam  at  1.8  lb.  above  atmospheric  pressure.  This  latter  value  is  the  as- 
sumed pressure  of  exhaust  in  locomotive  service. 
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Fig.  12     Steam  Consumption  under  Different  Pressures 

Chapter  III,  is  that  actually  obtained  from  the  several  tests  run. 
It  has  already  been  shown  that  this  performance  is  affected  by 
variations  in  the  evaporative  efficiency  of  the  boiler,  due  doubt- 
less to  irregularities  in  firing,  but  which  are  in  fact  unaccounted 
for.  One  of  the  purposes  of  the  discussion  which  occupies 
the  preceding  chapter  has  been  to  reduce  the  values  actually 
resulting  from  the  tests  to  a  summarized  statement  which 
may  be  accepted  as  a  general  definition  of  performance,  assum- 
ing all  irregularities  to  have  been  eliminated.  Such  a  summarized 
statement  is  that  which  is  shown  by  Fig.  9.  It  is  also  expressed 
by  the  equation 

^-11.305-0.221  H 

It  is  now  proposed  to  determine  the  coal  consumption  per  indi- 
cated horse- power,  assuming  the  boiler  efficiency  to  have  been  in 
all  cases  that  which  is  expressed  by  this  equation. 

It  appears,  also,  from  the  data  that  the  steam  consumed  by 
the  cylinders  varies  for  each  different  pressure  with  changes  in 
speed  and  cut-off,  and  it  has  been  sought  in  the  preceding   para- 
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graphs  to  summarize  the  facts  derived  from  the  experiments  into 
a  single  expression.  This  appears  in  the  form  of  the  curve  AB, 
Fig.  12,  which  is  to  be  accepted  as  representing  the  performance 
of  the  cylinders  under  different  pressures  without  reference  to 
speed  or  cut-off.  Combining  this  general  statement  expressing 
cylinder  performance  with  that  already  obtained  covering  boiler 
performance,  it  should  be  possible  to  secure  an  accurate  measure 
of  the  coal  consumption  per  indicated  horse-power  hour,  for  each 
different  pressure  which  will  represent  the  results  of  all  tests  at 
that  pressure. 

The  steps  in  this  process  are  set  forth  by  Table  2,  in  which — 

Column  1  gives  the  several  pressures  embraced  by  the  ex- 
periments. 

Column  2  gives  the  steam  consumption  per  indicated  horse- 
power hour  for  each  of  these  several  pressures  as  taken  from 
the  curve  AB,  Fig.   12. 

Column  3  gives  the  number  of  thermal  units  in  each  lb.  of 
steam  at  the  several  pressures  assuming  the  feed-water  in  all 
cases  to  have  had  a  temperature  of  60°  F.  The  values  of  this  col- 
umn show  at  a  glance  the  rate  of  change  in  the  amount  of  heat 
required  to  supply  steam  at  the  different  pressures  embraced  by 
the  experiments. 

Column  4  gives  the  pounds  of  water  from  and  at  212°  F.  per  in- 
dicated horse-power  hour.    It  equals  Column  2  X  Column  3-^-965.8. 

Column  5  gives  the  pounds  of  water  evaporated  from  and  at 
212°  F.  per  pound  of  coal  and  is  calculated  as  follows:  Assuming 
that  a  fair  average  load  for  the  locomotive  tests  is  440  horse- power, 
and  that  this  unit  of  power  is  delivered  under  all  pressures,  the  cor- 
responding rate  of  evaporation  may  be  found  by  multiplying  this 
value  by  those  of  Column  4  and  dividing  by  the  area  of  heating- 
surface;  that  is,  the  rate  of  evaporation  =  440  X  Column  4  ■*■  1322. 
The  equivalent  pounds  of  water  per  pound  of  coal  is  found  by  sub- 
stituting the  rates  of  evaporation  found  for  H  in  the  equation, 
E=  11.305-  0.221  H. 

Column  6  gives  the  pounds  of  coal  per  indicated  horse-power 
per  hour  and  equals  Column  4  -*■  Column  5. 

Column  7  gives  the  pounds  of  coal  saved  per  horse-power 
hour  for  each  20-lb.  increment  in  steam-pressure. 

Column  8  gives  the  percentage  saving  in  coal  for  each  20- 
lb.  increment  in  steam-pressure. 
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TABLE  2 

Engine  Performance  under  Different  Pressures 


Steam  per 

Equivalent 

Indicated 

B.t.  u.  Given 

Pounds  of 

Equivalent 

Pounds  of 

Coal  Saving  for 

Boiler 
Pressure 

Horse- 

to 1  Pound 

Water  per 

Pounds  of 

Coal  per  In- 

Each Increment 

power  per 
Hour. 

Steam  Feed- 
water 

Indicated 
Horse- 

Water per 
Pound  of 

dicated 
Horse- 

Values from 

Temp.=60.  o 

power 

Dry  Coal 

power  Hour 

Lb. 

Curve 

Hour 

I 

2 

3 

4 

5 

6 

7 

8 

240 

24.7 

1176.6 

30.09 

9.10 

3.31 

.06 

1.8 

220 

25.1 

1174.4 

30.52 

9.06 

3.37 

.06 

1.8 

200 

25.5 

1172.0 

30.94 

9.03 

3.43 

.07 

2.0 

180 

26.0 

1169.5 

31.48 

8.99 

3.50 

.09 

2.5 

160 

26.6 

1166.8 

32.14 

8.94 

3.59 

.18 

4.8 

140 

27.7 

1163.8 

33.38 

8.85 

3.77 

.23 

5.8 

120 

29.1 

1160.5 

34.97 

8.73 

4.00 

The  values  of  Table  2,  especially  those  of  Columns  2  and  6, 
are  of  more  than  ordinary  significance.  They  represent  logical 
conclusions  based  upon  the  results  of  all  tests.  Comparisons  be- 
tween them  will  show  the  extent  to  which  the  performance  of  a 
locomotive  will  be  modified  by  changes  in  the  steam-pressure 
under  which  it  is  operated.  They  show  in  the  matter  of  steam 
consumption  (Column  2)  that — 

Increasing  pressure  from  160  to  180  lb.  reduces  the  steam 
consumption  0.6  lb.  or  2.3  per  cent. 

Increasing  pressure  from  180  to  200  lb.  reduces  the  steam  con- 
sumption 0.5  lb.  or  1.9  percent. 

Increasing  pressure  from  200  to  220  lb.  reduces  the  steam  con- 
sumption 0.4  lb.  or  1.6  per  cent. 

Increasing  pressure  from  220  to  240  lb.  reduces  the  steam  con- 
sumption 0.4  lb.  or  1.6  per  cent. 

In  the  matter  of  coal  consumption  (Column  6)  they  show  that — 

Increasing  pressure  from  160  to  180  lb.  reduces  the  coal  con- 
sumption 0.9  lb.  or  2.5  per  cent. 

Increasing  pressure  from  180  to  200  lb.  reduces  the  coal  con- 
sumption 0.7  lb.  or  2.0  per  cent. 

Increasing  pressure  from  200  to  220  lb.  reduces  the  coal  con- 
sumption 0.6  lb.  or  1.8  percent. 

Increasing  pressure  from  220  to  240  lb.  reduces  the  coal  con- 
sumption 0.61b.  or  1.8  per  cent. 


26  ILLINOIS   ENGINEERING    EXPERIMENT    STATION 

These  values  are  from  actual  tests.  Those  who  are  inclined 
to  insist  upon  basing  their  conclusions  upon  observed  data  will  per- 
haps find  in  them  a  satisfactory  conclusion  of  the  whole  investi- 
gation. The  results  show  how  slight  is  the  gain  to  be  derived 
from  any  increment  of  pressure  when  the  basis  of  the  increments 
is  above  160  lb.  But  they  do  not  in  fact  tell  the  whole  story.  In 
order  to  secure  such  results  from  a  single  locomotive  it  was 
necessary  to  employ  a  machine  designed  for  the  highest  pressure 
experimented  upon.  Obviously,  for  the  tests  at  lower  pressure, 
the  locomotive  was  needlessly  heavy  for  its  dimensions.  If,  for 
the  tests  under  each  of  the  lower  pressures,  the  excess  weight 
could  have  been  utilized  in  providing  a  boiler  of  greater  heating- 
surface,  the  difference  in  performance  with  each  increment  of 
pressure  would  have  been  less  than  that  to  which  attention  has 
already  been  called.  It  is  for  this  reason  that  the  results  already 
quoted,  while  significant  and  concise  in  their  meaning,  are  never- 
theless to  be  accepted  as  insufficient  when  regarded  as  a  relative 
measure  of  the  value  of  different  steam- pressures.  An  extension 
of  the  discussion  leading  to  a  more  general  view  of  the  matter 
will  be  found  set  forth  in  Chapters  VI  to  VIII. 


V.     Machine  Friction  and  Performance  at  Draw-Bar 

18.  The  Cylinders  vs.  the  Draw-Bar  as  a  Base  from  Which  to 
Estimate  Performance. — In  the  latter  paragraphs  of  the  preceding 
chapter  results  are  given  disclosing  the  performance  of  boiler 
and  engine  as  based  upon  cylinder  performance.  This  is  a  cor- 
rect basis  from  which  to  proceed  in  discussing  the  relative  advan- 
tage of  different  steam- pressures;  for  the  process  of  the  cylinders 
represents  the  last  of  the  thermodynamic  changes  by  which  the 
heat  of  the  fuel  is  transformed  into  work.  The  cylinders  are  in 
fact  one  step  nearer  the  problem  in  question  than  the  draw-bar, 
which  for  many  purposes  is  properly  regarded  as  a  better  basis 
from  which  to  determine  the  performance  of  a  locomotive.  This 
being  the  case,  the  purpose  of  the  present  chapter  will  be  entirely 
served  if  attention  is  called  to  a  few  of  the  more  significant  facts 
which  center  in  the  output  of  power  at  the  draw- bar,  leaving  the 
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general  discussion  as  to  the  relative  values  of  different  steam- 
pressures  to  be  continued  in  the  chapters  which  follow. 

19.  Machine  Friction. — This  is  the  difference  between  work 
done  in  the  engine  cylinders  and  that  which  appears  at  the  draw- 
bar. It  is  difficult  to  summarize  the  facts  concerning  engine  fric- 
tion. This  is  not  due  to  defects  in  the  experimental  process  under- 
lying the  data,  but  to  the  fact  that  the  frictional  resistance  of  the 
machinery  of  the  locomotive  varies  greatly  from  day  to  day.1 
Evidence  of  this  is  accessible  even  to  the  casual  observer.  Dur- 
ing any  given  test  it  is  likely  that  an  axle-box  or  a  crank- pin  may 
run  warm,  while  during  another  test  under  identical  conditions  oi 
power  the  same  part  will  remain  perfectly  cool.  For  this  reason 
many  variations  in  the  frictional  resistance  of  the  machine  occur. 
It  is  a  fact,  however,  that  the  friction  varies  but  slightly  with  in- 
crease in  steam-pressare,  and  that  changes  in  cut-off  are  most 
effective  in  modifying  engine  friction.  Acting  upon  this  sugges- 
tion, all  results  have  been  plotted  in  terms  of  cut-off.  The  results 
do  not,  of  course,  fall  in  line,  but  they  take  such  positions  as  readily 
to  suggest  the  form  of  a  curve  which  in  an  approximate  way  may 
be  employed  to  represent  them.  From  such  a  curve  the  values 
set  forth  in  Fig.  13  have  been  derived.     It  is  proposed  to  accept 
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Fig.  13     Corrected  Friction,  Mean  Effective  Pressure 
Applicable  to  All  Pressures 

these  values  as  an  approximate  measure  of  the  frictional  loss  for 
locomotive  Schenectady  No.  2  under  all  pressures.  They  are  prob- 
ably a  little  low  for    pressures    above   200  lb.    and  are  perhaps 

1  A  general  discussion  of  this  question  with  data  will  be  found  in  Locomotive  Performance. 
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somewhat  high  for  pressures  below  this  limit.  It  can  not  be  as- 
sumed that  they  apply  to  any  other  locomotive  than  that  which 
was  involved  by  the  experiments.  The  machine  friction  as  ex- 
pressed in  pounds  pull  at  the  draw-bar  may  be  found  for  any  test 
by  multiplying  the  mean  effective  pressure  for  that  test  by  the  con- 
stant 88.75. 

20.  Steam  per  Dynamometer  Horse-power  per  Hour. — Values 
covering  this  factor  express  the  combined  efficiency  of  the  cylin- 
ders and  machinery  of  the  locomotive.  They  disclose  the  fact 
that  there  are  few  conditions  of  running  for  which  the  locomotive 
requires  more  than  30  lb.  of  steam  per  dynamometer  horse- power 
hour,  and  the  consumption  may  fall  below  27  lb.  While  differ- 
ences in  performance  for  all  pressures  above  200  lb.  are  not  great, 
the  steam  consumption  is  much  greater  when  the  pressure  is  as 
low  as  120  lb.  The  data  show,  also,  that  for  best  results  the  cut- 
off must  be  lengthened  as  the  pressure  is  decreased.  The  facts 
as  disclosed  by  the  data  are  as  follows: 

For  240  lb.  pressure  the   best   cut-off  is  approximately  the 

second  notch,  14  per  cent. 
For  220  lb.   pressure  the   best   cut-off  is  approximately  the 

fourth  notch,  19  per  cent. 
For  180  lb.  pressure  the    best   cut-off  is  approximately  the 

eighth  notch,  33  per  cent. 
For  120  lb.  pressure  the   best   cut-off  is  approximately  the 

twelfth  or  fourteenth  notch,  47  per  cent  or  56  per  cent. 

21.  Coal  per  Dynamometer  Horse-power  per  Hour. — This  factor 
represents  the  combined  performance  of  the  boiler,  the  cylinders, 
and  the  machinery  of  a  locomotive.  It  connects  the  energy  de- 
veloped in  the  boiler  by  the  combustion  of  fuel  with  that  which  is 
developed  at  the  draw- bar.  In  all  cases  where  data  are  given, 
the  fuel  consumed  was  of  the  same  quality;  hence  all  results  are 
comparable.  Under  a  pressure  of  240  lb.  the  range  is  between 
3.35  and  5.01,  while  at  a  pressure  of  160  lb.  the  range  is  between 
3.79  and  4.78,  results  which  are  of  interest  from  at  least  two  points 
of  view:  first,  because  of  the  small  difference  in  performances 
resulting  from  a  relatively  large  change  in  pressure;  and  second, 
because  of  the  significance  of  the  values  quoted  when  accepted  as 
a  measure  of  the  locomotive  performance.  It  is  doubtful  if  any 
other  type  of  steam-engine  exhausting  into  the  atmosphere  can 
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be  depended  upon  to  deliver  power  from  the  periphery  of  its  wheel 
in  return  for  the  expenditure  of  so  small  an  amount  of  fuel. 

22.  Corrected  Results. — The  values  representing  coal  and 
steam  consumption  which  have  thus  far  been  referred  to  as  per- 
formance at  the  draw- bar  are  those  actually  observed.  A  close 
comparison  of  these  sometimes  fails  to  give  consistent  results  be- 
cause of  irregularities  in  boiler  performance  or  in  the  frictional 
resistance  of  the  machinery  growing  out  of  causes  already  dis- 
cussed. 

In  Table  3  values  are  presented  from  which  all  such  discrep- 
ancies have  been  eliminated.  They  are  those  which  would  have 
been  obtained  if  the  evaporative  efficiency  for  all  tests  had  been 
that  indicated  by  the  equation: 

E  =  11.305  -  0.221  H 

and  if  the  machine  friction  for  all  cases  had  been  that  shown  by 
Fig.  13.  Column  13  giving  the  corrected  coal  per  dynamometer 
horse- power,  and  Column  14  the  corrected  steam  per  dynamometer 
horse-power,  may  be  accepted  as  representing  the  best  informa- 
tion derived  from  the  entire  research. 
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TABLE  3 

Comparative  Performance  of  the  Locomotive,  Assuming  Irregu- 
larities in  the  Results  of  Individual  Tests  to  Have  Been 
Eliminated 


Designa- 
tion of 
Tests 


Labora- 
tory 
Symbol 


Ms 


r* 


Co  d 


sn 


Machine  Friction 


a  o 


.K  - 

'5Q 


9 
11 


20-2-2401 
20-4-2401 
20-6-240' 
30-2-240 
30-4-240 
40-2-240 
40-4-240, 
50-2-240 


8803 
12008 
13614 
11444 
13888 
12320 
16320 
14066 


9.835 
9.298 
9.029 
9.39: 
8.983 
9.245 
8.576 
8.953 


895  '3 
1291  3 
1508  3 
1218 
1546 
1333 
1903 
1571 


31.84 
30.59 
29.12 
30.82 
29.51 
29.20 
28.82 
30.21 


,5  30. 
5  40. 
.3   44. 


8  11, 
210. 

0|  9. 
112, 

4  12. 

5  14. 
514. 
9|16. 


1245 
2  352 
4  422 
4  325 
8  410 
6  360 
2  485 
5!388 


6  4600  3 
3  6iil0  3 
8 7930  3 

2  4060  3, 
251273 

3  3379  3 
8  4550  3. 
62910|4. 


64  35.86 
66  34.08 
56  32.20 
74  35.19 

69  34.19 
9133.59 
04  36 . 19 


84  38.01 
71  35.29 
77  34.31 
96  33.76 
1)1  37.51 
68  33 . 60 
7;;;;2.25 

94  37.00 
8233.94 
2839.80 

13  35.40 


13 

14 
15 
16 
17 
18 
19 
21 
22 
24 
25 


20-2-220 

8533 

20-4-220 

10681 

20-6-220 

13294 

20-8-220 

16653 

30-2-220 

10286 

30-4-220 

12976 

30-6-220 

15915 

40-2-220 

11471 

40-4-220 

14549 

50-2-220 

12017 

50-4-220 

16343 

9.878 
9.519 
9.082 
8.521 
9.585 
'9.136 
8.644 
9.387 
8.873 
9.296 
8.573 


864 
1122 
1463 
1954 
1073 
1420 
1841 
1222 
1638 
1292 
1906 


38  33.42 
27  31.15 

39  30.81 
66  31.24 
35  32.11 
20  29.06 
29  28.44 
29  30.87 
2128.57 
4131.72 
39  29.08 


6 

8 
6 

8.5 


,s.5 


8  12 
2  11 

010 

8  7, 
1  14, 
413, 
0  11 
5  16 

5  15, 

9  20, 

6  17. 


224 
302 
387, 
493 
274 
386, 
493 
310 
428, 
301, 
9'461 


5  4210  3 
6 5670  3 
4  7260  3 
2  9250  3 
2  3430  3 
11820  3 
5 017m 3 
0  29103 

6  4020  3 
9  2260  4 

7  3400  4 


29 

30 

31 

32 

33 

34 

35 

37 

38 

39 

41 

4JL 

46 

47 


20-2-200 
20-4-200 
20- 6-200 
20-8-200 
30-2-200 
30-4-200 
30-6-200 
40-2-200 
40-4-200 
40-6-200 
50  2  200 
50  1  2oo 


7612 

10.029 

9100 

9.784 

11774 

9.337 

15011 

8.795 

ST.  is 

9.839 

11354 

9.406 

146S5 

8.850 

9934 

9.644 

13361 

9.071 

L7822 

8.321 

102(H) 

9. 5!  »9 

14431 

8.892 

6638  10.195 

8475 

9.888 

761 

930 
1261 
1707 

891 
1207 
1659 
1030 
1473 
2142 
1071  3 
1023  3 


40  34.14 
23  31.64 

35  31.33 
60  31.74 
3132.60 
29  30.92 
39  30.00 

36  32.40 
28  29.76 
54  29.54 
26  31.02 
49  31  .08 


30. 

40, 
44, 
39, 
40. 
60, 
66. 
61. 
80. 
ss, 
76. 

5  loo. 


813 
2  14 
011 
-  - 
1  17 

4  16 
0  13 

5  20 
5  17 
0  14 
9  23 
(i    1 


8  192 
,0  247 
,  7  331 

4  433 
1  222 

4  306 

5  423 
0  245 

9  368 

5  517 
4  252 

6  363 


7  3010  3 
4  4(540  3 

8  6220  3 

1  8120  3 
8  2780  4 
7  38303 

2  5290  3 

1  3300  1 
4  3150  I 

2  t850  l 
1  W904 
0  273O4 


94  39.61 

8035.48 
9434.66 
00  39.35 
93  37.02 
92  34.70 
22  40.53 
00  36.27 
14  34.46 
26  40.48 
46  39 .  69 


20  2  iso 
20  4-180 


651    3 


,40  34.5' 
,25  32.15 


.51  30 
.5   40, 


8  1 6 
2  Lo 


0  101, 
3  223, 


21302014 
1  U903 


0141.18 
84  37.94 
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TABLE  3    (Continued) 


Descrip- 
tion of 

2^ 
ill 

Pi.Q'd 

Wg 

a>  o 

Machine  Friction 

CO 

o 
M 

p. 

Ph' 

""  o 

SB 

Tests 

CO  K  x 

K  % 

Ut.eS 

o>    - 

1* 

COPi-C 

-  c 

h 

s 

o 
S  |3 

3 

^-3 

u 

Labora- 

^Ph'm 

S 
1 

tory 
Symbol 

s  * 

3  0 

'5m  a 
o 

pi 

u 
Ph 

2  o 
P* 

OK 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

48 

20-6-180 

10226 

9.595 

1066 

3.19 

30.61 

9.3 

44.0 

13.2 

290.1 

5440  3.67 

35.25 

49 

20-8-180 

12833 

9.157 

1401 

3.40 

31.17 

8.4 

39.8 

9.7 

371.9 

6970  3.77 

34.51 

51 

30-2-180 

7523 

10.047 

749 

3.18 

31.91 

6.5 

46.1 

19.5 

189.6 

237013.95 

39.68 

52 

30-4-180 

9722 

9.680 

1004 

3.16 

30.65 

8.5 

60.4 

19.1 

256.7 

321013.91 

37.87 

53 

30-6-180 

11633 

9.360 

1243 

3.16 

29 .  58 

9.3 

66.0 

16.8 

327.3 

4090  3.80 

35.54 

54 

30-8-180 

16156 

8.604 

1878 

3.44 

29.57 

8.4 

59.6 

10.9 

486.7 

6080  3.86 

33.20 

56 

40-2-180 

8069 

9.956 

810 

3.12 

31.14 

6.5 

161.5 

23.7 

197.6 

1850  4.10 

40.84 

57 

40-4-180 

11177 

9.436 

1184 

3.07 

28.94 

8.5 

80.5 

20.8 

305.7 

2870J3.87 

36.56 

58 

40-6-180 

14907 

8.813 

1691 

3.23 

28.44 

9.3 

88.0 

16.8 

436.1 

4090;3.88 

34.18 

59 

40-8-180 

18949 

8.137 

2329 

3.82 

31.07 

8.4 

79.5 

13.0 

530.4 

4970)4.39 

35.73 

61 

50-2-180 

8578 

9.871 

869 

3.24 

32.01 

6.5 

•76.9 

28.7 

191.1 

1430  4.55 

44.88 

62 

50-1-180 

12061 

9.288 

1299 

3.16 

29.37 

8.5 

100.6 

24.5 

310.0 

2320  4.19 

38.90 

63 

50-6-180 

16567 

8.535 

1941 

3.51 

29.94 

9.3 

110.1 

19.9443.2 

2320  4.38 

37.40 

67 

20-4-160 

7396 

10.068 

734 

3.34 

33.69 

8.5 

40.2 

18.4 

179.3 

3360 

4.09 

41.25 

68 

20-6-160 

9379 

9  737 

963 

3.27 

31.87 

9.3 

44.0 

14.9 

250.4 

4690 

3.85 

37.44 

69 

20-8-160 

11392 

9.400 

1212 

3.51 

33.02 

8.4 

39.8 

11.5 

305.2 

5720 

3.97 

37.33 

71 

30-4-160 

8785 

9.836 

893 

3.28 

32.28 

8.5 

60.4 

22.2 

211.7 

2640 

4.22 

41.50 

72 

30-6-160 

11663 

9.355 

1246 

3.25 

30.38 

9.3 

66.0 

17.2 

317.9 

3970 

3.92 

36.69 

73 

30-8-160 

14347 

8.906 

1611 

3.46 

30.85 

8.4 

59.6 

12.8 

405.4 

5070 

3.97 

35  39 

76 

40-4-160 

10106 

9.615 

1051 

3.31 

31.83 

8.5 

80.5 

25.4 

237.0 

2220 

4.43 

42.64 

77 

40-6-160 

13406 

9.065 

1478 

3.43 

31.05 

9.3 

88.0 

20.4 

343.7 

3220 

4.30 

39.00 

78 

40-8-160 

17246 

8.421 

2048 

3.76 

31.70 

8.4 

79.5 

14.6 

464.4 

4350 

4.41 

37.14 

80 

50-4-160 

10982 

9.469 

1160 

3.43 

32.47 

8.5 

100.6i29.7 

237.7 

17734.89 

46.20 

81 

50-6-160 

14940 

8.807 

1696  '3.56 

31.39 

9.3 

110.1123.1 

365.8 

2740'4.64 

40.84 

85 

20-4-120 

5215 

10.433 

500 

3.73 

38.92 

8.5 

40.2 

30.0 

93.8 

1760 

5.33 

55.59 

86 

20-8-120 

8592 

9.869 

871 

3.44 

33.99 

8.4 

39.8 

15.7 

213.0 

3990 

4.09 

40.34 

87 

20-12-120 

12329 

9.244 

1333 

3.73 

34.52 

5.0 

23.7 

6.5 

333.2 

6250 

4.00 

37.00 

88 

30-4-120 

6269 

10.257 

611 

3.57 

36.69 

8.5 

60.4 

35.4 

110.6 

1380 

5.52 

56.68 

89 

30-8-120 

10683 

9.519 

1122 

3.45 

32.80 

8.4 

59.6 

18.3 

265.9 

3320 

4.22 

40.18 

90 

30-14-120 

18654 

8.186 

2278 

4.43 

36.29 

3.0 

21.3 

4.1 

492.7 

6160 

4.62 

37.86 

91 

40-4-120 

6649 

10.193 

652 

3.54 

36.13 

8.5 

80.5 

43.7 

103.5 

970 

6.30 

64.24 

92 

40-8-120 

12796 

9.166 

1396 

3.59 

32.89 

8.4 

79.5 

20.4 

309.5 

2900 

4.51 

41.34 

93 

40-12-120 

18942 

8.138 

2328 

4.20 

34.12 

5.0 

47.3 

8.5 

507.5 

4760 

4.58 

37.32 

94 

50-4-120 

7129 

10.113 

704 

4.00 

40.51 

8.5 

100.6 

57.2 

75.4 

560 

9.34 

94.55 

95 

50-8-120 

14371 

8.902 

1614 

3.77 

33.61 

8.4 

99.4 

23.2 

328.2 

2460 

4.91 

43.79 

96 

50-11-120 

19317 

8.075 

2391 

4.32 

34.90 

6.0 

71.0 

12.8 

482.5 

3620 

4.95 

40.04 
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VI.     Boiler  Pressure  As  a  Factor  in  Economical 
Operation 

23.  The  amount  of  steam  consumed  by  the  locomotive  per 
unit  power  developed,  when  operated  under  various  pressures  be- 
tween the  limits  of  120  lb.  and  240  lb.,  has  already  been  denned 
(Pig.  12).  Basing  conclusions  on  results  thus  disclosed,  it  is  now 
proposed  to  determine  the  increase  in  efficiency  which  may  be  se- 
cured through  the  adoption  of  higher  pressure  for  any  given  in- 
crease in  the  weight  of  the  boiler  and  its  related  parts.  That  this 
may  be  done,  it  is  essential  to  determine  the  relation  between  boilers 
of  a  given  size  when  designed  for  different  pressures. 

24.  Weight  of  Locomotive  as  Affected  by  Steam- Pressure. — The 
parts  of  a  locomotive  which  are  affected  by  changes  in  steam-pres- 
sure, assuming  the  power  to  remain  constant,  are  the  boiler  and 
certain  portions  of  the  engine.  The  boiler  to  be  adapted  to  a 
higher  steam-pressure  requires  thicker  plates,  heavier  riveting, 
and  stronger  staying,  all  tending  to  augment  its  weight.  The 
effect  of  the  change  upon  the  engine,  however,  is  to  make  it  lighter, 
for  since  with  increased  pressure,  cylinders,  pistons,  and  valves 
become  smaller,  their  weight  will  generally  diminish.  As  a  basis 
for  exact  values,  defining  their  relationship,  lines  were  laid  down 
for  a  boiler  of  the  following  dimensions:1 

Diameter  of  first  ring inches  63 

Number  of  2-inch  tubes 258 

Length  of  tubes  feet  14 

Total  heating-surface square  feet  2024 

Length  of  grate inches  90 

Width  of  grate inches  60 

Area  of  grate feet  37.5 

Boiler-pressure pounds  190 

Four  designs  were  made,  adapted  to  four  different  pressures, 
respectively,  from  which  designs  weights  were  calculated,  with 
results  shown  by  Table  4. 

The  weight  of  the  cylinders,  valves,  and  pistons  which  would 
be  used  with  a  boiler  having  2024  sq.  ft.  of  heating-surface  in  mak- 
ing up  a  representative  locomotive  carrying  the  different  pres- 
sures designated  is  set  forth  in  Column  3.  The  weight  of  water 
when  the  boiler  is  filled  to  the  second  gage  appears  as  Column  4. 
The  weight  of  steam  is  negligible.     The  total  weight  of  all  parts 

i  These  and  other  determinations  involve  weights  of  boilers  which  were  supplied  by  the 
courtesy  of  the  American  Locomotive  Company. 
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TABLE  4 

Weight  of  Those  Parts  of  a  Locomotive  Which  Are  Affected  by 
Changes  in  Boiler  Pressure 


Boiler  Pres- 
sure 

Weight    of    Boiler 
pounds 

Weight     of    Cylin- 
ders.   Valves,    and 

Pistons 

pounds 

Weight    of    Water 
pounds 

Weight  of  All 
Parts    Affected    by 
Changes     in    Pres- 
sure 
pounds 

1 

2 

3 

4 

5 

160 
190 
220 

250 

30679 
32913 
36076 
38953 

12580 
12210 
11990 
11620 

16349 
16536 
16661 

16848 

59608 
61689 
64727 
67421 

of  the  locomotive  directly  affected  by  the  changes  in  pressure  is 
given  in  Column  5,  and  the  values  of  this  column,  for  the  pur- 
pose of  interpolation,  have  been  plotted  in  terms  of  steam-pressure, 
with  results  as  set  forth  by  Fig.  14. 

With  these  data  it  is  proposed  to  show  the  extent  to  which 
the  performance  of  a  typical  locomotive  using  saturated  steam 
may  be  improved  by  increasing  the  pressure  carried  within  its 
boiler.  For  convenience,  six  different  pressures  having  values 
between  120  lb.  and  220  lb.  will  be  utilized  as  bases  from  which  to 
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Fig.  14    Weight  of  Boiler  As  Affected  by 
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assume  an  increase  of  pressure.  The  increase  of  pressure  from 
each  base  will  be  such  as  may  be  possible  upon  the  allowance  of 
definite  increments  in  the  weight  of  those  portions  of  the  locomo- 
tive affected  by  pressure,  and  in  like  manner  the  improvement  in 
performance  will  be  expressed  as  a  per  cent  of  that  which  is  nor- 
mal to  the  base.  The  results  of  the  process  outlined  are  present- 
ed in  Table  5.  An  explanation  of  the  columns  of  this  table  whose 
meaning  is  not  self-evident  follows: 

Column  S.  Weight  of  those  parts  of  a  typical  locomotive  affected  by 
changes  in  steam-pressure,  including  water  in  boiler. — The  values  of 
this  column,  for  each  of  the  several  pressures  stated  in  Column  2, 
are  taken  directly  from  the  diagram  of  Fig.  14,  the  basis  of  which 
has  already  been  explained. 

Column  5.  New  boiler -pressure  obtainable  by  utilizing  the  in- 
crease of  toeight  in  making  a  stronger  boiler. — The  values  in  this 
column  for  each  of  the  several  weights  stated  in  Column  4  were 
taken  from  the  diagram  in  Fig.   14. 

Column  6.  Steam  per  indicated  horse-power  per  hour  at  the 
pressures  given  in  Column  2. — Values  for  this  column  are  taken  di- 
rectly from  the  curve  of  Fig.  12. 

Column  7.  Steam  per  indicated  horse-power  per  hour  at  the  new 
pressures  given  in  Column  5. — These  values,  also,  were  taken  di- 
rectly from  the  diagram  (Fig.  12). 

Column  8.  Direct  saving  in  steam  consumption,  resulting  from 
an  increased  weight  equal  to  the  per  cent  shown  in  Column  1. — Values 
of  this  column  are  equal  to  100  times  those  of  Column  6  minus 
those  of  Column  7  divided  by  those  of  Column  6. 

Column  9.  Indirect  saving  due  to  reduced  rates  of  evaporation, 
percent. — Assuming  the  locomotive  to  work  at  the  same  power  at 
whatever  pressure  it  may  carry,  the  saving  in  steam  resulting 
from  the  increased  pressure  set  forth  in  Column  8  diminishes  the 
demand  upon  the  boiler,  and,  as  the  efficiency  of  the  boiler  in- 
creases as  the  rate  of  evaporation  is  reduced,  there  results  an  in- 
direct saving  with  each  increase  of  pressure.  The  relation  be- 
tween the  evaporative  efficiency  of  the  boiler  and  rate  of  evapora- 
tion has  already  been  defined  (Fig.  9).  Assuming  the  normal  rate 
of  evaporation  for  the  boiler  under  initial  conditions  to  be  10,  then 
a  reduction  of  1  per  cent  in  the  rate  of  evaporation  will  effect  an 
increase  in  the  evaporative  efficiency  of  0.243  per  cent.  The  values 
in  Column  9,  therefore,  are  those  of  Column  8  multiplied  by  the 
constant  0.243. 


GOSS — HIGH  STEAM-PRESSURES  IN  LOCOMOTIVE  SERVICE     35 
TABLE  5 

Total  Saving  When  a  Possible  Increase  of  Weight  Is  Utilized  As 
a  Means  of  Increasing  Boiler-pressure 
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67940 
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25.1 
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2.39 

.58 
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120 

55560 

61120 

181 

29.1 

26.0 

10.65 

2.59 

13.24 

10 

140 

57390 

63130 

203 

27.7 

25.4 

8.31 

2.02 

10.33 

160 

59220 

65140 

225 

26.6 

25.0 

6.02 

1.46 

7.48 

180 

61050 

67150 

247 

26.0 

24.6 

5.38 

1.31 

6.69 

120 

55560 

63890 

211 

29.1 

25.3 

13.06 

3.17 

16.23 

15 

140 

57390 

66000 

234 

27.7 

24.8 

10.46 

2.51 

13.00 

160 

59220 

68100 

257 

26.6 

24.5 

7.90 

1.92 

9.82 

20 

120 

55560 

66670 

241 

29.1 

24.7 

15.12 

3.67 

18.79 

Column  10.  Total  saving. — The  total  saving  is  the  sum  of 
Columns  8  and  9. 

The  significance  of  this  table  may  best  be  appreciated  by  the 
following  examples: 

By  line  1  of  the  table  it  appears  that  the  base  is  120  lb. 
(Column  2).  The  parts  of  the  typical  locomotive  designed  for  this 
pressure,  which  are  affected  by  changes  in  steam-pressure,  weigh 
55,560  lb.  (Column  3).  If,  now,  in  designing  a  new  lot  of  locomo- 
tives, it  becomes  possible  to  increase  this  weight  by  5  per  cent 
(Column  1),  the  weight  of  these  parts  for  the  new  locomotive  may 
be  58,340  lb.  (Column  4).  This  weight,  if  put  into  a  boiler  of  the 
same  capacity,  will  allow  the  pressure  to  be  increased  from  120 
lb.  (Column  2)  to  150  lb.  (Column  5),  and  as  a  result  its  steam  con- 
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sumption  per  horse-power  hour  will  fall  from  29.1  lb.  (Column  6) 
to  27.1  lb.  (Column  7),  or  6.87  per  cent  (Column  8).  But  the  sav- 
ing of  6.87  per  cent  in  steam  consumption  diminishes  the  demand 
which  is  made  upon  the  boiler  for  steam,  and  at  the  lower  rate  of 
evaporation  the  boiler  becomes  1.67  per  cent  (Column  9)  more 
efficient,  giving  a  total  gain  as  a  result  of  the  change  in  pressure 
of  8.58  per  cent  (Column  10).  In  a  similar  manner  each  line  of 
the  table  presents  a  measure  of  the  improvement  to  be  expected 
from  some  definite  increase  of  pressure. 

A  study  of  the  analysis  which  has  preceded  will  show  that  the 
values  of  Column  10  may  be  accepted  as  fairly  representing  the 
increase  in  efficiency  which  may  be  secured  in  return  for  a  given 
increase  in  steam-pressure,  or,  as  is  more  clearly  shown  by  Table 
4,  in  return  for  a  given  increase  in  the  weight  of  those  parts  of 
the  locomotive  affected  by  increase  of  pressure. 

While  the  comparison  is  based  on  improved  efficiency,  it  will, 
of  course,  be  understood  that,  at  the  limit,  the  saving  shown  may 
be  converted  into  a  corresponding  increase  of  power.  It  would 
have  been  possible  by  assuming  constant  efficiency  to  have  shown 
the  improvement  in  terms  of  increase  of  power. 


VII.     Boiler  Capacity  as  a  Factor  in  Economical 
Operations 

25.  In  the  preceding  chapter  there  is  considered  the  advantage 
to  be  derived  through  the  utilization  of  any  possible  increase 
in  the  weight  of  a  locomotive,  as  a  means  by  which  to  secure 
an  increase  of  pressure.  It  is  the  purpose  of  this  chapter  to  con- 
sider the  benefit  which  may  be  derived  by  utilizing  similar  incre- 
ments in  weight  to  secure  an  increase  in  boiler  capacity,  the  pres- 
sure remaining  constant.  The  weights  of  boilers  and  related 
parts  involved  by  such  a  comparison  have  been  ascertained  from 
considerations  similar  to  those  which  controlled  in  the  preceding 
case.  A  boiler  of  the  dimensions  already  given  (paragraph  24), 
designed  for  190  lb.,  was  made  the  starting-point  from  which 
values  were  ascertained  for  boilers  of  different  capacities  de- 
signed to  carry  160  lb.  pressure.  The  characteristics  of  the  sev- 
eral   boilers  thus  designed  are  set  forth  in  Table  6. 
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TABLE  6 

Characteristics  of  Four  Boilers  Designed  for  160  Pounds 
Pressure  and  Different  Capacities 


Diam- 

Num- 

Length 

Length 

Width 

Area 

Area 
of 
Heating- 
surface 

Weight 

Weight 

eter  of 

ber  of 

of 

of 

of 

of 

of 

of  Water 

Boiler 

2-  inch 

Tubes 

Grate 

Grate 

Grate 

Boiler 

in  Boiler 

inches 

Tubes 

feet 

inches 

inches 

sq.  ft. 

pounds 

pounds 

sq.  ft. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

63 

258 

14 

90 

60 

37.4 

2024 

30,679 

16,349 

67 

338 

16 

102 

65 

46.1 

3013 

41,013 

20,092 

69 

326 

14 

102 

65 

46.1 

2538 

36,321 

19,344 

70 

396 

16 

96 

75 

50.0 

3498 

42,894 

21,965 

Weight  of 
I  'arts  of 
Locomotive 
Which  Are 
Affected  by 
Changes  in 
Heating- 
surface 
pounds 


47,028 
61,105 
55.665 
64^59 


The  steam- pressure  being  constant,  the  dimensions  and  con- 
sequently the  weight  of  the  cylinders  and  related  parts  for  the 
development  of  a  given  power  remain  unchanged.  It  is  obvious, 
also,  that  since  the  only  change  in  the  locomotive  is  in  the 
size  of  its  boiler,  the  cylinder  performance  will  be  the  same 
for  locomotives  having  boilers  of  different  sizes.  The  saving  which 
will  result  from  the  employment  of  boilers  of  greater  capacity  wall 
be  only  that  which  results  from  the  diminished  rate  of  evaporation 
per  unit  area  of  heating-surface.  The  relation  of  evaporative  ef- 
ficiency and  rate  of  evaporation  has  already  been  defined  (Fig.  9), 
so  that  both  factors  in  the  problem  now  are  known,  namely,  the  in- 
crease in  weight  necessary  for  a  given  increase  in  capacity  and 
the  effect  of  any  increase  in  capacity  in  improving  the  evapo- 
rative efficiency.  By  means  of  relations  thus  established  values 
have  been  determined  which  are  presented  in  Table  7.  An  ex- 
planation of  the  columns  of  this  table  whose  meaning  is  not  self- 
evident  is  as  follows: 

Column  3  is  the  weight  of  boiler,  the  contained  water,  and 
the  cylinders,  pistons,  and  valves.  While  the  cylinders,  pistons, 
and  valves  do  not  change  for  any  given  pressure,  their  weights 
are  included  to  make  the  values  comparable  with  those  employed 
in  the  analysis  of  the  preceding  chapter.  They  are  in  fact  iden- 
tical with  the  values  of  Column  3,  Table  5. 

Column  1/..  Allowable  increase  in  weight. — The  values  of  this  col- 
umn are  the  percentages  indicated  by  Column  1  of  the  values  of 
Column  3. 
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TABLE  7 

Saving  When  a  Possible  Increase  of  Weight  Is  Utilized 
As  a  Means  of  Increasing  Heating-surface 


Increase 

of 
Weight 
per  cent 

Weight  of 
Parts  of  a 
Roiler-         Typical 
oressures  Locomotive 
pressures        (Rnilpr 
Selected     pikers 
as  Bases  ^aVveS   Pis- 
P°unds    \aonsSanPdS 
Water) 
pounds 

Allowable 

Increase  of 

Weight 

pounds 

Heating- 
surface  of 
Typical 
Locomo- 
tives 
Whose 
Weights 
Are  Given 

in 

Column  3 

sq.  ft. 

Increase 
of  Heating- 
surface  Ob- 
tainable by 
Utilizing  In- 
crease of 
Weight  in 
Making  a 
Larger 
Boiler 
sq.  ft. 

Increase  of 
Heating- 
Surface 
per  cent 

Saving  in 
Evaporative 
Perform- 
ance 
Due  to 
Reduced 

Rate 
per  cent 

1 

2 

3 

4 

5 

6 

7 

8 

5    « 

"{ 
-{ 

20 

120 
140 
160 
180 
200 
220 
120 
140 
160 
180 
120 
140 
160 
120 

55560 
57390 
59220 
61050 
62880 
64710 
55560 
57390 
59220 
61050 
55560 
57390 
59220 
55560 

2778 
2869 
2961 
3052 
3144 
3235 
5556 
5739 
5922 
6105 
8334 
8608 
8883 
11112 

2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 

234.7 
242.5 
250.1 
257.7 
265.3 
272.9 
469.4 
484.9 
500.4 
515.9 
704.2 
727.3 
750.6 
939.0 

11.73 
12.12 
12.50 
12.88 
13.26 
13.64 
23.47 
24.24 
25.02 
25.79 
35.21 
36.36 
37.53 
46.95 

2.85 
2 . 9-3 
3.04 
3.13 
3.22 
3.31 
5.70 
5.89 
6.08 
6.27 
8.55 
8.84 
9.12 
11.41 

Column  6.  Increase  of  heating -surface. — Values  for  this  column 
have  been  obtained  by  plotting  weight  of  affected  parts  in  terms  of 
heating-surface  (Columns  7  and  10,  Table  5).  The  results  appear  in 
Pig.  15.  Prom  a  representative  line  drawn  through  points  thus 
obtained  showing  the  relation  between  the  weight  of  the  boiler 
and  water,  and  the  number  of  square  feet  of  heating- surf  ace,  it  can 
be  shown  that  an  increase  of  10,000  lb.  in  the  weight  of  boiler  and 
affected  parts  permits  an  increase  of  845  sq.  ft.  in  heating-surface. 
Therefore,  in  Table  6,  Column  6  equals  Column  4  multiplied  by 
0.0845.  This  relation  was  obtained  from  data  of  a  boiler  designed 
for  160  lb.  pressure  and  is  assumed  to  be  approximately  true  for 
boilers  of  other  pressures. 

Column  7.  Increase  of  /(eating-surface,  p<  r  cent,  is  Column  6 
multiplied  by  100  divided  by  Column  5.  It  also  shows  the  per  cent 
reduction  in  the  rate  of  evaporation. 

Column  8.  Saving  in  <  vaporative  performance  due  to  reduced 
rate,  per  cent. —     Values  in  this  column  have  been  obtained  from 
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those  of  the  preceding  column  by  means  of  a  relationship  al- 
ready established  controlling  evaporative  efficiency  of  boiler  and 
rate  of  combustion  (Pig.  9).  This  relation  is  such  that  a  reduction 
of  1  per  cent 'in  the  rate  of  combustion  increases  the  evaporative 
efficiency  0.243  per  cent.  Values  of  Column  8  are,  therefore, 
those  of  Column  7  multiplied  by  this  factor. 
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Fig.  15    Weight  of  Boiler  As  Affected  by  Changes 
in  Heating-surface 


The  significance  of  Table  6  will  be  understood  from  the  fol- 
lowing illustration,  based  upon  the  first  line  of  the  table.  As- 
suming an  existing  locomotive  operating  under  a  pressure  of  120 
lb.  (Column  2)  to  have  a  boiler  containing  2000  sq.  ft.  of  heating- 
surface  (Column  5)  weighing  with  the  contained  water  55,560  lb. 
(Column  3),  an  increase  of  5  per  cent  (Column  1)  or  2778  lb. 
(Column  4),  will  permit  an  extension  in  heating-surface  of  234.7 
sq.  ft.  (Column  6)  which,  compared  with  its  original  surface  is  an 
increase  of  11.73  per  cent  (Column  7).  This  increase  in  the  ex- 
tent of  heating-surface,  assuming  the  power  developed  to  remain 
unchanged,  will  result  in  an  improvement  in  the  performance  of 
the  boiler  of  2.86  per  cent  (Column  8).  The  facts  underlying 
the  analysis  are  primarily  the  results  of  tests. 
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VIII.     Conclusions  Concerning  Boiler-Pressure  vs. 
Boiler  Capacity  As  a  Means  of  Increasing  the  Effi- 
ciency of  a  Single-Expansion  Locomotive 

26.  In  the  preceding  chapters  an  analysis  has  been  given 
showing  the  saving  which  may  result  in  locomotive  service,  first, 
by  increasing  the  pressure,  the  boiler  capacity  remaining  un- 
changed, and  second,  by  increasing  the  heating- surface,  the 
pressure  remaining  unchanged.  A  summary  of  the  conclusions 
of  these  chapters  is  presented  in  Fig.  16  to  21  in  which  the  full 
line  represents  the  gain  through  increase  of  boiler- pressure  and 
the  dotted  line  the  corresponding  gain  through  increase  of  boiler 
capacity.  The  values  for  these  diagrams  are  taken  directly  from 
Tables  5  and  7.  It  will  be  seen  that  starting  with  pressures 
which  are  comparatively  low,  the  most  pronounced  results  are 
those  to  be  derived  from  increments  of  pressure.  With  each  rise 
in  pressure,  however,  the  chance  for  gain  through  further  in- 
crease diminishes.  With  a  starting-point  as  high  as  180  lb.,  the 
saving  through  increased  pressure  is  but  slightly  greater  than 
that  which  may  result  through  increased  boiler  capacity. 

The  fact  should  be  emphasized,  that  the  conclusions  above  de- 
scribed are  based  upon  data  which  lead  back  to  the  question  of 
coal  consumption.  The  gains  which  are  referred  to  are  measured 
in  terms  of  coal  which  may  be  saved  in  the  development  of  a 
given  amount  of  power.  It  will  be  remembered  that  conditions 
which  permit  a  saving  in  coal  will,  by  the  sacrifice  of  such  sav- 
ing, open  the  way  for  the  development  of  greater  power,  but  the 
question  as  defined  is  one  concerning  economy  in  the  use  of  fuel. 
It  is  this  question  only  with  which  the  diagrams  (Fig.  16  to  21) 
deal. 

There  are  other  measures  which  may  be  applied  to  the  per- 
formance of  a  locomotive  which,  if  employed  in  the  present  case, 
would  show  some  difference  in  the  real  values  of  the  two  curves  (Fig. 
16  to  21).  The  indefinite  character  of  these  measures  prevents 
their  being  directly  applied  as  corrections  to  the  results  already 
deduced,  but  their  effect  may  be  pointed  out.  Thus,  the  extent 
to  which  an  increase  of  pressure  will  improve  performance  has 
been  denned,  but  the  definition  assumes  freedom  from  Leakage. 
If,  therefore,  leakage  is  allowed  to  exist,  the  result  defined  is  not 
secured.     Moreover,  an  increase  of  pressure  increases  the  chance 
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of  loss  through  leakage,  so  that  to  secure  the  advantage  which 
has  been  defined,  there  must  be  some  increase  in  the  amount  of 
attention  bestowed,  and  this,  in  whatever  form  it  may  appear, 
means  expense,  the  effect  of  which  is  to  reduce  the  net  gain  which 
it  is  possible  to  derive  through  increase  of  pressure.  Again,  in 
parts  of  the  country  where  the  water-supply  is  bad,  any  increase 
of  pressure  will  involve  increased  expense  in  the  more  careful  and 
more  extensive  treatment  of  feed-water,  or  in  the  increased  cost 
of  boiler  repairs,  or  in  detentions  arising  from  failure  of  injector, 
or  from  all  of  these  sources  combined.  The  effect  of  such  expense 
is  to  reduce  the  net  gain  which  it  is  possible  to  derive  through  in- 
crease of  pressure.  These  statements  call  attention  to  the  fact 
that  the  gains  which  have  been  defined  as  resulting  from  increase 
of  pressure  (Fig.  16  to  21)  are  to  be  regarded  as  the  maximum 
gross;  as  maximum  because  they  are  based  upon  results  derived 
from  a  locomotive  which  was  at  all  times  maintained  in  the  highest 
possible  condition,  and  as  gross  because  on  the  road,  conditions 
are  likely  to  be  introduced  which  will  necessitate  deductions  there- 
from. 

The  relation  which  has  been  established  showing  the  gain  to 
be  derived  through  increased  boiler  capacity  is  subject  to  but  few 
qualifying  conditions .  It  rests  upon  the  fact  that  for  the  devel- 
opment of  a  given  power  a  large  boiler  will  work  at  a  lower  rate 
of  evaporation  per  unit  area  of  heating-surface  than  a  smaller  one . 
The  saving  which  results  from  diminishing  the  rate  of  evaporation 
is  sure;  whether  the  boiler  is  clean  or  foul,  tight  or  leaky,  or 
whether  the  feed- water  is  good  or  bad,  the  reduced  rate  of  evapora- 
tion will  bring  its  sure  return  in  the  form  of  increased  efficiency . 
An  increase  in  the  size  of  a  boiler  will  involve  some  increase  in 
the  cost  of  maintenance,  but  such  increase  is  slight  and  of  a  sort 
which  has  not  been  regarded  in  the  discussion  involving  boilers 
designed  for  higher  pressures. 

Keeping  in  mind  the  fact  that  as  applied  to  conditions  of  ser- 
vice the  line  A  is  likely  to  be  less  stable  in  its  position  than  B,  the 
facts  set  forth  by  Fig.  16  to  21  may  be  briefly  reviewed. 

Basing  comparisons  upon  an  initial  pressure  of  120  lb.,  (Fig. 
16),  a  5  per  cent  increase  in  weight,  when  utilized  in  securing  a 
stronger  boiler,  will  improve  the  efficiency  8.5  per  cent,  while  if 
utilized  in  securing  a  larger  boiler,  the  improvement  will  be  a 
trifle  less  than  3  per  cent.     Arguing  from  this  base,  the  advantage 
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The  line  A  represents  the  saving  in  fuel  when  an  allowable  increase  in  weight  is 
utilized  in  making  a  stronger  boiler  to  permit  a  higher  pressure. 

The  line  B  represents  the  saving  in  fuel  when  an  allowable  increase  in  weight  is 
utilized  in  making  a  larger  boiler  to  give  increased  capacity. 


to  be  derived  from  an  increase  of  pressure  is  great.  If,  however, 
the  increase  in  weight  exceeds  10  per  cent,  the  curve  A  ceases  to 
diverge  from  B  and  if  both  curves  are  sufficiently  extended,  they 
will  meet,  all  of  which  is  proof  of  the  fact  that  the  rate  of  gain  is 
greatest  for  relatively  small  increments  of  weight. 

Basing  comparisons  upon  an  initial  pressure  of  140  lb.  (Fig. 
17),  the  relative  advantage  of  increasing  the  pressure  diminishes, 
though  on  the  basis  of  a  5  per  cent  increase  in  weight  it  is  still 
double  that  to  be  obtained  by  increasing  the  capacity. 

Basing  comparisons  upon  an  initial  pressure  of  160  lb.  (Fig. 
18),  the  advantage  to  be  gained  by  increasing  the  pressure  over 
that  which  may  be  had  by  increasing  the  capacity  is  very  small, 
so  small  in  fact  that  a  slight  droop  in  the  curve  of  increased 
pressure  (A)  would  cause  it  to  disappear.  As  the  curve  B  may  be 
regarded  as  fixed,  while  A,  through  imperfect  maintenance  of 
boiler  or  engine,  may  fall,  the  argument  is  not  strong  in  favor  of 
increasing  pressure  beyond  the  limit  of  100  lb. 
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Fig.  17 

The  line  A  represents  the  saving  in  fuel  when  an  allowable  increase  in  weight  is 
utilized  in  making  a  stronger  boiler  to  permit  a  higher  pressure. 

The  line  B  represents  the  saving  in  fuel  when  an  allowable  increase  in  weight  is 
utilized  in  making  a  larger  boiler  to  give  increased  capacity. 
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The  line  A  represents  the  saving  in  fuel  when  an  allowable  increase  in  weight  is 
utilized  in  making  a  stronger  boiler  to  permit  a  higher  pressure. 

The  line  B  represents  the  saving  in  fuel  when  an  allowable  increase  in  weight  is 
utilized  in  making  a  larger  boiler  to  give  increased  capacity. 
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Basing  comparisons  upon  an  initial  pressure  of  180  lb.,  (Fig. 
19),  the  advantage  under  ideal  conditions  of  increasing  the  pres- 
sure, as  compared  with  that  resulting  from  increasing  the  capac- 
ity, has  a  maximum  value  of  approximately  one-half  of  1  per 
cent.  In  view  of  the  incidental  losses  upon  the  road  the  practi- 
cal value  of  the  advantage  is  nil.     The  curves  A  and  B  (Fig.  12), 
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Fig.  19 
The  line  A  represents  the  saving  in  fuel  when  an  allowable  increase  in  weight  i9 

utilized  in  making  a  stronger  boiler  to  permit  a  higher  pressure- 
The  line  B  represents  the  saving  in  fuel  when  an  allowable  increase  in  weight  is 
utilized  in  making  a  larger  boiler  to  give  increased  capacity. 

constitute  therefore  no  argument  in  favor  of  increasing  pressure 
beyond  the  limit  of  180  lb. 

Basing  comparisons  upon  an  initial  pressure  of  200  lb.,  (Fig. 
20),  it  appears  that  under  ideal  conditions  either  the  pressure  or 
the  capacity  may  be  increased  with  equal  advantage,  this  being 
in  effect  a  strong  argument  in  favor  of  increased  capacity  rather 
than  of  higher  pressure. 

Basing  comparisons  upon  a  pressure  of  220  lb.,  (Fig.  21),  it 
appears  that  even  under  ideal  conditions  of  maintenance  the  gain 
in  efficiency  resulting  from  an  increase  of  pressure  is  less  than 
that  resulting  from  an  increase  of  capacity.  In  view  of  this  fact, 
no  possible  excuse  can  be  found  for  increasing  pressure  above 
the  limit  of  220  lb. 


GOSS — HIGH  STEAM-PRESSURES  IN  LOCOMOTIVE  SERVICE     45 


16 


12 


t 

UJ 

U 

w 

a 

j 

a 

U 

r 

lr 

<» 

tl* 

*U 

HRliS^L 

RE 

UJ 

2C 

►  0 

P^iiaDe 

Z 

> 

A 

k 

1 

to 

A 

A 

f 

^ 

y 

B 

/ 

>/ 

P 

LL 

o\ 

VA 

Bl 

rE 

IrJ 

^c 

RE 

if\S 

E 

OF 

WEiei-rrJfcHCIlNT 

Fig.  20 

The  line  A  represents  the  saving  in  fuel  when  an  allowable  increase  in  weight  is 
utilized  in  making  a  stronger  boiler  to  permit  a  higher  pressure. 

The  line  B  represents  the  saving  in  fuel  when  an  allowable  increase  in  weight  is 
utilized  in  making  a  larger  boiler  to  give  increased  capacity. 
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Fig.  21 

The  line  A  represents  the  saving  in  fuel  when  an  allowable  increase  in  weight  is 
utilized  in  making  a  stronger  boiler  to  permit  a  higher  pressure. 

The  line  B  represents  the  saving  in  fuel  when  an  allowable  increase  in  weight  is 
utilized  in  making  a  larger  boiler  to  give  increased  capacity. 
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I.     Introduction 

1.  Preliminary. — For  brick,  stone  and  terra  cotta  masonry 
structures,  designers  commonly  use  stresses  which  are  low  in 
comparison  with  the  strength  of  the  constituent  materials.  Var- 
ious reasons  exist  for  this, — possible  variations  in  material,  chance 
for  poor  workmanship,  opportunity  for  settlement  and  resulting 
unconsidered  stresses,  the  desire  to  avoid  tensile  stresses  in 
masonry,  imperfect  knowledge  of  the  properties  of  the  completed 
structure,  etc.  In  some  types  of  structure  mass  and  volume  are 
important  considerations  and  strength  is  subordinate.  In  many 
applications,  however,  the  strength  of  the  structure  is  of  first 
importance,  and  a  knowledge  of  the  actual  properties  of  the 
structure  is  essential  to  safe  and  economical  construction.  Fre- 
quently designers  use  stresses  as  high  as  their  information  and 
the  usual  rules  of  practice  will  permit  and  make  sections  as  small 
as  these  considerations  warrant.  The  utilization  of  the  working 
capacity  of  a  structure  is  generally  advantageous.  This  is 
especially  true  when  the  better  grades  of  material  are  used  and 
when  the  workmanship  is  known  to  be  first-class.  Much  infor- 
mation is  available  on  the  strength  and  other  properties  of  constit- 
uent materials  like  mortar,  brick,  stone,  and  terra  cotta,  but  rel- 
atively little  is  known  of  the  properties  of  built-up  structures. 
Anything  that  adds  to  our  knowledge  of  such  construction  should 
be  helpful;  and  it  was  with  a  view  of  obtaining  further  informa- 
tion on  the  properties  of  short  built-up  columns  or  piers  that  the 
tests  herein  described  were  undertaken. 

The  work  described  in  this  bulletin  includes  tests  of  16  short 
columns  or  piers  of  brick  and  16  columns  built  of  terra  cotta  blocks. 
Although  long  column  action  seems  not  to  enter  into  these  com- 
pression test  pieces,  they  will  be  termed  columns  by  analogy  to  the 
use  of  the  term  column  for  other  compression  members  of  no 
greater  slenderness  ratio.  The  length  varied  from  10  ft.  to  12i  ft. 
In  lateral  dimensions  the  brick  columns  were  12i  x  12i  in. ,  and 
in  the  terra  cotta  block  columns  the  range  was  from  82  x  8£  in.  to 
17i  x  17i  in.  The  brick  used  in  the  construction  of  the  columns 
were  of  two  grades, — an  excellent  class  of  building  brick  and  a 
soft  grade  selected  as  representative  of  inferior  brick.  The  terra 
cotta  blocks  were  of  good  quality.  Different  qualities  of  mortar 
and  different  grades  of  workmanship  were  used.     The  loads  were 
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applied  continuously  to  failure  in  most  cases,  but  tests  were  also 
made  with  repeated  applications  of  the  same  load.  Central  load- 
ing of  the  column  was  used  in  most  cases,  but  in  some  tests  the 
load  was  applied  eccentrically. 

For  convenience  of  reference  in  the  consideration  of  the  work 
ae>fc  described  in  this  bulletin,  it*has  seemed  well  to  mention  tests 
made  in  other  laboratories,  and  a  brief  summary  of  tests  of  brick 
piers  is  given  in  the  following  pages.  The  use  of  terra  cotta 
blocks  in  compression  members  is  not  common,  and  there  is  little 
in  print  on  the  properties  of  this  material. 

2.  Watertown  Arsenal  Tests  of  Brick  Columns. — The  Ordnance 
Department,  United  States  Army,  has  from  time  to  time  made 
tests  on  brick  piers  at  Watertown  Arsenal.  These  tests  are  the 
principal  source  of  data  on  strength  of  brick  columns  and  the 
results  are  valuable.  The  tests  are  reported  in  several  of  the 
annual  volumes  of  "Tests  of  Metals,  Etc."  Generally,  only  one 
test  specimen  was  made  for  each  variation  in  materials  or  form 
of  structure.  The  exact  conditions  of  the  tests  and  the  observed 
data  are  given  in  the  reports  of  the  tests.  The  following  state- 
ment gives  a  summary  of  the  number  of  tests  and  the  nature  of 
the  investigations. 

In  "Tests  of  Metals,  Etc."  for  1884  are  given  the  results  of 
tests  of  33  brick  piers  ranging  from  8  x  8  in.  to  16  x  16  in.  in  lateral 
dimensions  and  from  16  in.  to  10  ft.  in  length.  Lime  mortar,  nat- 
ural cement  mortar,  and  portland  cement  mortar  were  used.  The 
results  show  clearly  the  increased  strength  obtained  in  columns 
built  with  the  stronger  mortar.  The  compressive  strength  of  the 
columns  ranged  from  6  per  cent  to  16  per  cent  of  the  compressive 
strength  of  the  individual  brick.  The  tests  show  that  columns 
having  joints  broken  at  every  course  have  somewhat  Less  strength 
than  those  with  the  joints  broken  every  sixth  course.  The  tests 
also  show  the  eifect  which  the  load  causing  the  first  crack  pro- 
duces on  the  amount  of  compression  and  the  amount  of  set  in  the 
column. 

In  "Tests  of  Metals,  Etc."  for  1886  are  given  the  results  of 
tests  of  53  brick  piers  ranging  from  8x8  in.  to  L6  x  16  in.  in  lat- 
eral dimensions  and  from  2  ft.  to  12J  ft.  in  length.  Natural 
cement  mortar  (1-2)  was  used.  The  smaller  the  ratio  of  Length  to 
lateral  dimension  the  greater  was  the  compressive  strength 
obtained.     In  cases  where  bond  stones  about  3  in.  thick  were  used, 
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the  strength  obtained  was  greater  than  for  a  brick  column  of  the 
same  length  but  was  less  than  for  one  whose  height  was  equal  to  the 
distance  between  the  bond  stones.  In  the  columns  built  with 
face  brick,  the  strength  developed  varied  from  18  per  cent  of  the 
compressive  strength  of  the  individual  brick  in  a  column  three 
diameters  long  to  12£  per  cent  in  a  column  fifteen  diameters  long. 
In  one  column  test  reported  in  this  volume  no  mortar  was  used. 
The  column  failed  in  the  usual  manner  by  the  opening  of  longitud- 
inal cracks  at  a  load  of  525  lb.  per  sq.  in.  or  about  4  per  cent  of  the 
strength  of  the  brick.  This  test  indicates  the  value  of  the  mor- 
tar in  distributing  the  load  over  the  surface  of  the  brick. 

In  "Tests  of  Metals,  Etc.,"  for  1904,  tests  of  26  brick  piers  12 
x  12  in.  x  8  ft.  are  reported.  The  variation  was  in  the  mortar  used 
and  in  the  age.  Most  of  the  tests  were  made  at  an  age  of  about 
6  months.  Neat  portland  cement  mortar,  1-2  and  1-3  Portland 
cement  mortar,  and  1-3  lime  mortar  were  used.  The  results  show  the 
increased  strength  given  by  strong  mortar.  One  column  laid  up 
with  neat  cement  mortar  gave  an  ultimate  strength  of  4700  lb. 
per  sq.  in. ;  others  with  the  same  mortar  but  with  poorer  brick 
carried  less  than  2000  lb.  per  sq.  in.  The  brick  used  in  these 
tests  varied  in  compressive  strength  from  4470  to  12  700  lb.  per 
sq.  in.,  based  on  the  average  of  five  samples  tested  flatwise.  The 
ratios  of  the  strengths  of  the  piers  to  the  compressive  strength 
of  the  brick  were  as  follows:  Neat  portland  cement  mortar,  range 
23  per  cent  to  43  per  cent,  average  of  8  tests  30  per  cent;  1-3  port- 
land  cement  mortar,  range  16  per  cent  to  35  per  cent,  average  of  7 
tests  24  per  cent;  1-3  lime  mortar,  range  9  per  cent  to  18  per  cent, 
average  of  10  tests  13  per  cent.  In  two  tests  the  1-3  mortar  gave 
higher  values  than  the  neat  cement  mortar.  Some  of  these  test 
columns  were  exhibited  at  the  Louisiana  Purchase  Exposition  at 
St.  Louis  in  1904. 

In  "Tests  of  Metals,  Etc."  for  1905,  tests  of  13  clay  brick 
columns  and  1  sand-lime  brick  column  are  reported.  The  columns 
were  12  x  12  in.  x  8  ft.  high,  with  solid  or  hollow  cores.  The  14 
piers  were  built  from  9  different  varieties  of  brick,  laid  in  neat 
portland  cement  mortar,  cement  mortar,  and  lime  mortar.  They 
were  tested  at  an  age  of  about  5  months.  The  values  ranged  from 
1500  lb.  per  sq.  in.  for  the  sand-lime  brick  to  4552  for  clay  brick, 
laid  in  neat  portland  cement  mortar.  Those  laid  up  with  1-3 
mortar  gave  values  from  900  to  3422  lb.  per  sq.  in.  No  tests 
of  individual  brick  are  given. 
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In  "Tests  of  Metals,  Etc."  for  1906  are  recorded  tests  of  15 
brick  piers  12  x  12  in.  x  8  ft.  Neat  portland  cement  mortar,  1-3, 
1-5,  and  1-7  portland  cement  mortar,  and  1-3  lime  mortar,  and  1 
cement  to  1  lime  mortar  were  used.  Tests  were  made  at  about  8 
months.  The  results  ranged  from  853  to  3437  lb.  per  sq.  in.  for 
clay  brick  columns  and  450  to  1400  lb.  per  sq.  in.  for  sand- lime 
brick.  In  cases  where  the  same  brick  were  used  nearly  identi- 
cal values  were  obtained  by  using  1-7  portland  cement  mortar  and 
1-1  lime  mortar. 

In  "Tests  of  Metals,  Etc."  for  1907  are  given  tests  of  32 
columns,  generally  11  x  11  in.  or  12  x  12  in.  in  lateral  dimensions 
and  8  ft.  long.  Neat  portland  cement  mortar,  1-1  and  1-3  port- 
land  cement  mortar,  and  lime  mortar  were  used.  The  results  show 
in  a  very  interesting  way  the  effect  of  the  strength  of  the  mortar 
used.  The  compressive  strength  varied  from  730  to  5608  lb.  per 
sq.  in.  The  column  which  developed  the  highest  compressive 
strength  was  built  with  paving  brick.  The  columns  built  with 
Portland  cement  mortar  gave  very  high  compressive  strengths 
at  early  ages.  One  column,  built  of  paving  brick  laid  on  edge  in 
neat  portland  cement  mortar,  when  4  hours  old  held  2106  lb.  per 
sq.  in. ;  a  similar  column  2  days  old  carried  2733  lb.  per  sq.  in. ; 
and  a  similar  one  7  days  old  4514  lb.  per  sq.  in.  The  columns 
tested  at  very  early  ages  showed  lack  of  stiffness  and  exhibited 
signs  of  distress  at  very  low  loads.  In  the  column  tested  at  4 
hours'  age  popping  sounds  were  heard  at  400  lb.  per  sq.  in.  and 
a  crack  appeared  at  450  lb.  per  sq.  in. — about  21  per  cent  of  the 
maximum, — whereas  in  the  columns  tested  at  2  and  7  days  the 
first  cracks  appeared  at  51  per  cent  of  the  maximum  load  and  in  a 
similar  column  tested  at  4  months  the  first  crack  came  at  61  per 
cent  of  the  maximum  load.  Tests  in  this  series  indicate  that 
columns  in  which  the  bricks  are  laid  on  edge  or  joints  broken 
every  third  or  sixth  course  give  values  8  per  cent  to  10  per  cent 
higher  than  columns  laid  with  joints  broken  every  course.  Each 
of  these  modifications  in  the  method  of  laying  the  brick  seems  to 
have  its  effect  whether  employed  separately  or  in  combination. 

3.  Cornell  University  Tests  of  Brick  Columns. — Two  series  of 
tests  of  brick  piers  made  at  Cornell  University  have  been  reported. 
The  first  series  made  in  1897-8  consisted  of  18  piers  13  x  13  in.  in 
section  varying  from  2|  to  7J  ft.  in  Length.  Two  varieties  of 
brick  were  used.     The  piers  were    laid    in    1-2    portland   cement 
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mortar,  joints  broken  at  each  course,  and  were  tested  at  4  or  14 
months  of  age.  The  piers  failed  under  loads  of  635  to  1092  lb.  per 
sq.  in.,  corresponding  to  values  21  per  cent  to  28  per  cent  of  crush- 
ing strength  of  corresponding  brick.  Failure  generally  followed 
the  opening  of  longitudinal  cracks  through  vertical  joints.  The 
variation  in  length  did  not  affect  the  load-carrying  capacity  of  the 
piers.  These  tests  are  reported  in  Transactions  of  the  Associa- 
tion of  Civil  Engineers  of  Cornell  University,  Vol.  VI,  1897-8. 

In  1898-9  a  second  series  of  tests  of  14  piers  was  made.  The 
piers  were  uniform  in  size  and  material, — 13  x  13  x  80  in.,  laid  in 
1-2  portland  cement  mortar.  The  variation  was  in  the  form  of 
bonding  devices  which  were  placed  in  the  horizontal  joints  of  some 
of  the  piers.  The  brick  used  gave  a  crushing  strength  of 
3525  lb.  per  sq.  in.  The  principal  result  of  these  tests  was  to 
show  the  effect  of  iron  or  steel  straps,  netting  or  plates,  embed- 
ded in  the  mortar  of  the  horizontal  joints.  The  maximum  loads 
ranged  from  22  per  cent  to  46  per  cent  of  the  crushing  strength  of 
the  brick.  Following  is  a  summary  of  the  results  for  different 
conditions  in  per  cent  of  the  crushing  strength  of  the  brick:  1-2 
Portland  cement  mortar  only,  (3  tests)  30  per  cent;  iron  straps  (li 
x  i  in.)  every  fourth  course,  (2  tests)  24  per  cent;  iron  straps  every 
sixth  course,  (l  test)  22  percent;  iron  straps  every  eighth  course,. 
(1  test)  24  per  cent;  wire  netting  (iin.  square  mesh,  0.045  in.  wire) 
every  second  course,  (2  tests)  33  per  cent;  wire  netting  every 
course,  (2  tests)  46  per  cent;  iron  plate  (0.026  in.  thick)  every 
fourth  course,  (4  tests)  28  per  cent.  These  tests  are  reported  in 
Transactions  of  the  Association  of  Civil  Engineers  of  Cornell 
University,  Vol.  VIII,  1899-1900. 

4.  School  of  Practical  Science  Tests  of  Brick  Columns. — During 
the  years  of  1895  and  1896,  17  short  brick  piers  were  tested  at  the 
School  of  Practical  Science,  Toronto.  These  piers  were  9  x  9  in. 
in  section  and  ranged  from  21  to  73  in.  in  height.  Eleven  grades 
of  brick  were  used.  1-2  lime  mortar  and  1-3  cement  mortar  were 
used.  The  age  at  time  of  test  was  generally  2?  months;  one  test 
was  made  at  ten  days.  Careful  records  of  strength  of  mortar 
and  properties  of  brick  were  kept.  Of  the  piers  loaded  to  fail- 
ure those  built  of  lime  mortar  (11  tests)  gave  values  averaging  16 
per  cent  of  the  strength  of  the  individual  brick  loaded  flatwise, 
while  those  built  of  cement  mortar  (5  tests)  gave  values  averag- 
ing 46  per  cent  of  the  strength  of  the  brick.     For  further  details 
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of   these   tests   see   Digest   of.  Physical   Tests,    Vol.   I,   No.    3, 
July,  1896. 

5.  Acknowledgment. — The  investigation  was  made  at  the 
instance  of  architects  and  builders  who  were  desirous  of  finding 
the  properties  of  columns  built  with  material  manufactured  in 
this  state.  Mr.  F.  W.  Butterworth  of  the  Western  Brick 
Company,  of  Danville,  Illinois,  furnished  the  building  brick.  The 
terra  cotta  blocks  were  supplied  by  the  National  Fire  Proofing 
Co.,  of  Chicago.  The  tests  were  made  in  the  Laboratory  of 
Applied  Mechanics  of  the  University  of  Illinois  as  a  part  of  the 
regular  work  of  the  Engineering  Experiment  Station. 

II.     Materials,  Test  Pieces,   and  Methods  of  Testing. 

6.  Brick. — Two  varieties  of  brick  were  used  in  these  tests. 
The  columns  numbered  51  to  72  inclusive  were  built  of  high-grade, 
hard-burned,  shale  building  brick,  manufactured  by  the  Western 
Brick  Co.,  of  Danville,  Illinois.  Columns  No.  81  and  82  were  built 
of  soft,  under- burned  clay  brick  manufactured  by  the  Sheldon 
Brick  Co.,  of  Champaign,  Illinois,  and  selected  from  the  soft  brick 
of  the  kiln.  The  two  varieties  of  brick  represent  extremes  in 
quality.  The  soft  brick  was  softer  than  would  be  used  in  build- 
ing construction.  This  extreme  was  chosen  better  to  bring  out 
the  effect  of  quality.  The  two  varieties  of  brick  will  be  referred 
to  hereafter  as  "shale  building  brick"  and  "underburned  clay 
brick"  or  "shale  brick"  and  "clay  brick".  The  results  of  com- 
pression tests  of  individual  brick  are  given  in  Table  1,  page  10. 
In  all  compression  tests  the  specimen  was  first  bedded  in  plaster 
of  paris.  In  order  to  obtain  an  independent  check  on  the  quality 
of  the  brick  used,  transverse  tests  were  made  from  which  the 
modulus  of  rupture  was  computed.  The  results  of  these  tests  are 
given  in  Table  2,  page  11.  The  tests  of  the  brick  in  compression 
and  cross- breaking  gave  results  as  uniform  as  are  ordinarily  found 
for  this  kind  of  material.  The  ratio  of  the  modulus  of  rupture  of 
brick  tested  edgewise,  to  the  compressive  strength  of  whole  brick 
tested  flatwise  is  0.155  for  the  shale  brick  and  0.123  for  the  clay 
brick. 

Fig.  1,  page  9,  gives  the  rate  of  absorption  and  the  final 
amount  of  water  absorbed  by  fche  two  varieties  of  brick  and  by  the 
terra  cotta  blocks.     Each  curve   represents  the  average  of  10 
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samples  selected  at  random  from  the  material  furnished.  The 
bricks  and  blocks  were  dried  for  about  48  hours  on  a  steam  radi- 
ator before  the  initial  weight  was  taken.  The  same  brick  and 
blocks  were  afterward  used  in  compression  or  transverse  tests. 

7.  Terra  Gotta  Blocks. — The  terra  cotta  blocks  were  furnished 
by  the  National  Fire  Proofing  Co.,  of  Chicago.  The  blocks  came 
in  two  shipments.  Columns  No.  1  to  7,  (tested  January,  1907) 
were  made  from  the  first  shipment,  and  the  remainder  of  the 
terra  cotta  block  columns  from  the  second  shipment.  There  was 
apparently  no  difference  in  the  blocks  in  the  two  shipments,  but 
both  inspection  and  tests  showed  that  the  blocks  of  the  second  lot 
were  more  perfectly  cut.  In  the  first  lot  the  ends  or  bearing  faces 
were  concave;  in  the  second  lot  they  were  more  nearly  plane. 
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Fig.  1.    Absorption  Tests  of  Column  Materials. 

Attention  will  be  called  later  to  the  significance  of  this  statement. 
It  seems  probable  that  the  blocks  represent  a  selected  quality  of 
the  output  of  the  factory.  The  size  of  the  blocks  was  about  4  in.  x 
%\  in.  x  8  in.  A  small  quantity  in  the  second  shipment  were  4  in.  x 
82  in.  x  4  in.  The  results  of  the  tests  of  the  small  blocks  in  com- 
pression and  in  cross-breaking  are  included  with  the  others, 
although  none  of  them  were  used  in  building  the  columns.  A  sketch 
of  a  block  with  dimensions  is  given  in  Fig.  2,  page  14.  The  gross 
section  of  each  block  was  about  34  sq.  in.  and  the  net  section  about 
28.75  sq.  in.,  or  84.6  per  cent  of  the  gross  section.  The  results  of 
compression  tests  of  individual  blocks  are  given  in  Table  3, page  12. 
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TABLE  1. 
Compression  Tests  of  Brick. 


Dimensions,  inches 


Depth 


Dry  Weight 
pounds 


Ultimate  Load 
pounds 


Compressive 

Strength 
lb.  persq.  in. 


Shale  Building-  Brick 


1 

3.95 

8.25 

2.35 

6.36 

364  000 

11  150 

2 

3.90 

8.20 

2.42 

6.48 

312  000 

9  750 

3 

3.92 

8.25 

2.40 

6.42 

259  000 

8  020 

4 

3.85 

8.25 

2.35 

6.46 

223  000 

7  030 

5 

3.95 

8.15 

2.32 

6.00 

320  000 

9  950 

6 

4.00 

8.32 

2.35 

6.28 

365  000 

11  000 

7 

3.85 

8.25 

2.30 

6.01 

320  000 

10  090 

8 

3.85 

8.20 

2.30 

6.10 

349  000 

11  050 

9 

3.95 

8.20 

2.33 

6.11 

264  000 

8  150 

10 

3.95 

8.25 

2.30 

6.56 

462  000 

14  150 

11 

4.00 

8.34 

2.30 

6.29 

457  000 

13  700 

12 

3.92 

8.30 

2.37 

6.50 

348  000 

10  700 

13 

3.90 

8.25 

2.40 

6.51 

359  000 

11  150 

14 

3.90 

8.20 

2.30 

6.51 

453  000 

14  150 

15 

3.95 

8.30 

2.40 

6.44 

378  000 

11  520 

16 

4.05 

8.35 

2.25 

6.36 

373  000 

11  020 

17 

4.00 

8.30 

2.40 

6.40 

324  000 

9  750 

18 

3.90 

8.28 

2.43 

6.49 

324  000 

10  040 

Av. 

10  690 

Underburned  Clay  Brick 


1 

4.00 

8.25 

2.40 

134  300 

4  070 

2 

4.05 

8.35 

2.40 

92  800 

2  750 

3 

4.15 

8.30 

2.43 

99  200 

2  870 

4 

4.00 

8.00 

2.45 

110  400 

3  450 

5 

3.75 

7.60 

2.45 

238  900 

v  390 

6 

4.05 

8.25 

2.40 

73  200 

2  190 

7 

4.05 

8.30 

2.30 

108  300  . 

3  230 

8 

4.00 

8.00 

2.40 

107  900 

3  370 

9 

4.00 

8.20 

2.45 

L59  »>ii«) 

1  850 

10 

4.07 

8.40 

2.55 

83  200 

2  430 

12 

4.10 

8.10 

2.-15 

1T:>  Too 

5  290 

13 

4.15 

8.25 

2.40 

95  500 

2  7  H0 

14 

4.10 

8.20 

2.35 

111)  600 

3  560 

15 

4.00 

8.00 

2. 30 

L81  500 

5  670 

16 

4.00 

8.00 

2.40 

L25  900 

3  930 

Av. 

3  920 

All  brick  were  bedded  in  plaster  of  paris  before  testing. 
Seven  shale  brick  tested  on  end  averaged  7800  lb.  per  sq.  in. 
Seven  clay  briok tested  on  end  averaged  :?.">:!0  lb.  per  sq,  In. 
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Ref. 

No. 


Dimensions 
inches 


Depth         Width 


Total 

Center 

Load 

pounds 


Modulus  of 
Rupture 
Id.  per 
sq.   in. 


Remarks  on  Failure 


Shale  Building  Brick 


1 

3.96 

2.38 

4900 

1180 

Near  middle. 

2 

3.86 

2.39 

6100 

1540 

do. 

3 

3.97 

2.38 

4100 

963 

do. 

4 

3.87 

2.45 

5600 

1385 

do. 

5 

3.85 

2.37 

5700 

1450 

At  middle. 

6 

3.94 

2.44 

7600 

1800 

do. 

i 

3.95 

2.48 

8000 

1860 

do. 

8 

3.90 

2.40 

8000 

1970 

Near  middle. 

9 

3.80 

2.35 

7300 

1940 

Diagonal  break. 

10 

3.92 

2.40 

7300 

1780 

Angular  break  near 

middle. 

Av. 

1670 

Underburned  Clay  Brick 


1 

4.00 

2.40 

2000 

516 

Near  middle. 

2 

4.08 

2.48 

1900 

413 

do. 

3 

4.00 

2.48 

2250 

510 

do. 

4 

4.05 

2.45 

1300 

292 

do. 

5 

3.95 

2.40 

2400 

578 

Near  middle. 

Very  regular. 

6 

4.00 

2.45 

2800 

G43 

At  middle. 

7 

4.05 

2.40 

2100 

480 

Near  middle. 

8 

4.00 

2.40 

2000 

469 

do. 

9 

4.02 

2.40 

2100 

489 

At  middle. 

10 

4.06 

2.46 

1900 

423 

do. 

Av. 

481 

Notes:  The  bricks  were  tested  on  edge,  with  a  span  of  6  in.  The  load  was  applied  at  the 
middle  of  the  span,  with  a  machine  speed  of  0.02  in.  per  minute.  Curved  pedestals,  standing  on 
a  wooden  block,  were  used.  Metal  bearing  plates  distributed  the  load  across  the  surface  of  the 
brick  at  all  points. 
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TABLE  3. 

Compression  Tests  of  Terra  Cotta  Blocks. 
Blocks  loaded  on  end. 


Dimensions,   inches 


Section      Height 


Dry 

Weight 
pounds 


Total 
Load 
pounds 


Compressive 

Strength 
Id.  per  sq.  in. 


i  on  net 
area 


Blocks  as  used  in  columns  tested  January.  1907 


4.10X8.50 
4.10X8.45 
4.05X8.45 
4.00X8.45 
4.10X8.55 
4.10X8.52 
4.05X8.45 
4.10X8.45 


8.00 

17.12 

99  000 

2840 

3350 

8.00 

17.16 

135  000 

3900 

4600 

8.00 

17.03 

124  000 

3630 

4290 

8.00 

155  000 

4580     5410  ! 

8.00 

17.05 

108  000 

3080 

3640 

8.00 

17.20 

108  000 

3090 

3650 

8.00 

16.98 

110  000 

3220 

3800 

8.00 

16.62 

119  000 

3440 

4060 

3472 

4100 

[Each  end  concave  1-16  in. 
Each  end  concave  $  in. 
lEndsconcave  \  to  1-16 in . 
I  Ends  fairly  straight. 
Ends  concave  1-16  to  £  in. 
Each end concave  1  in. 
Ends  concave  1-16  to  £  in. 
Ends  straight. 


Blocks 

as  used 

in  columns  tested  January,  1908. 

1 

3.95X8.25 

8.00 

15.82 

194  000 

5980 

7100 

One  end  concave  3-32  in. 

2 

3.92X8.23 

7.92 

15.65 

232  000 

7480 

8590 

Ends  straight. 

3 

3.94X8.23 

8.00 

15.88 

214  000 

6550 

7770 

1-16  in.  on  one  end,  other 

straight. 
One  straight,  one  concave 

4 

3.96X8.30 

8.00 

15.92 

251  000 

7635 

9070 

1-16  in. 

5 

3.96X8.25 

7.90 

15.63 

145  000 

4440 

5250 

One  end  concave  1-16.  one 
convex  1-16  in. 

6 

3.95X8.20 

8.00 

15.74 

182  700 

5640 

6660 

do. 

7 

4.00X8.25 

8.00 

127  500 

3860 

4560 

do. 

8 

3.90X8.20 

7.95 

174  200 

5450 

6450 

do. 

9 

4.00X8.35 

8.00 

116  700 

3490 

4120 

do. 

10 

3.90X8.30 

8.00 

16.07 

156  000 

4820 

5700 

One  end  straight,  one  end 
concave  1-16  in. 

11 

4.00X8.25 

8.00 

15.64 

122  000 

3700 

4380 

do.             |  in. 

12 

4.00X8.30 

8.00 

15.92 

102  000 

3070 

3630 

do. 

13 

3.90X8.25 

8.00 

15.69 

108  000 

3350 

3960 

do. 

14 

3.90X8.20 

8.00 

15.88 

205  000 

6420 

7560 

do. 

15 

4.00X8.35 

8.00 

15.63 

180  000 

5390 

6360 

do.        3-32  in. 

16 

4.00X8.30 

8.00 

14.70 

123  800 

3720 

4400 

One  concave  £  in.  twisted, 
one  convex  1-16  in. 

17 

3.90X8.20 

8.10 

15.93 

218  700 

6850 

8100 

One  straight,  one  concave 
I  in. 

do. 

18 

3.95X8.30 

8.00 

15.62 

177  000 

5400 

6380 

Av. 

5170 

6115 

1 

4.05X8.50 

3.95 

8.28 

168  700 

4900 

2 

4.05X8.50 

4.  Of) 

8.30 

162  400 

4720 

5580 

3 

4.00X8.45 

4.05 

S.20 

125  000 

3700 

4:570 

4 

4.05X8.50 

4.05 

8.28 

L36  300 

3060 

4680 

5 

L05    B.45 

4.00 

8.39 

158  000 

4620 

5460 

6 

4.00X8.40 

4.00 

8.21 

169  400 

5040 

5950 

7 

4.05X8.40 

4.10 

8.28 

11:.  B00 

4400 

5200 

Av. 

4475 

5290 

Notes:  All  blocks  were  bedded  in  plaster  of  paria  before  loading.  The  dimensions  given 
are  over  all.  and  include  two  openings.  W*  in.  x  \M  in.,  ami  one  opening  K  in.  x  14  in.  (See 
sketch  of  blOOk,  Pig.  J  page  14.)  Tesis  were  made  on  11  000  000-ib.  testing  machine:  speed  0.05 
in.  per  minute. 
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TABLE  4. 
Transverse  Tests  of  Terra  Cotta  Blocks. 
Blocks  as  used  in  columns  tested  January,  1908. 


Dimensions 
inches 


Width  I  Depth 


Span 


Total 

Center 

Load 

lb. 


Modu- 
lus of 
Rup- 
ture 
lb.  per 
sq.  in. 


Method  of  Loading 


4.0 

3.95 

4.1 

8.0 
8.0 
8.0 

8 
8 
8 

12  700 
11  300 
14  000 

970 

870 

1010 

4.0 
4.0 
4.0 
4.0 

8.0 
8.0 
8.0 
8.0 

8 
8 

7 

7 

11  700 
16  300 

18  900 
18  000 

880 
1220 
1240 
1180 

1022 

4.0 
4.0 
4.0 
4.0 

4.0 
4.0 
4.0 
4.0 

8 
8 
8 
7 

2  500 

3  600 

4  800 

5  100 

750 
1080 
1440 
1340 

4.0 

4.0 

7 

3  200 

841 

4.0 
4.0 

4.0 
4.0 

7 
7 

3  700 

4  900 

974 
1290 

1102 

4.0 

4.0 

7 

4  000 

690 

4.0 
4.0 

4.0 
4.0 

7 
7 

3  300 

3  600 

578 
620 

629 

8.25 

4.0 

7 

11  200 

912 

8.4 

4.0 

7 

9  700 

770 

8.35 

4.0 

7 

8  800 

708 
797 

4.0 

8.25 

7 

13  000 

562 

4.0 

8.25 

7 

16  300 

707 
635 

Medium  color 

do. 
Very  light  in- 
side 
Light  inside 
Medium  color 
Dark  inside 
do. 


Broke  i  in.  from 
load 

Broke  near  mid- 
dle 

do. 
do. 


Broke   through 

outer  opening 

do. 

do. 


Broke  at  mid- 
dle. Light  in- 
side 

Break  very  reg- 
ular 
do. 


Diagonal  fail- 
ure 

do. 


rS'\- 


^ 


4^ 


^—7^-^ 


-8'Ar— T    r^ 


]  ||  | 


p<?4^ 

r* 

] 

no  □ 

S 

^? 

sQ" 

o   * 

<      CJ 

g 
> 

□  0  □ 

r^'n 

1 

□ 
□ 



r-7- 

-t 

Notes:  In  calculating  the  modulus  of  rupture  the  net  section  of  the  block  was  used,  a 
deduction  for  the  opening  being  made.  The  load  was  applied  at  the  middle  of  the  span  in  each 
case.  Curved  pedestals,  standing  on  a  wood  block,  were  used.  Metal  bearing  plates  distributed 
the  load  across  the  block  at  all  points.  The  pulling  head  of  the  machine  moved  at  a  rate  0.02 
in,  per  minute  in  all  these  tests. 
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The  crushing  load  on  the  block  is  given  as  computed  for  both 
gross  and  net  areas .  It  will  be  noted  that  the  condition  of  the 
ends  recorded  in  the  table  has  a  decided  influence  on  the  strength 
of  the  block  in  this  kind  of  a  test.  In  the  compression  tests  the 
terra  cotta  blocks  began  to  spall  at  the  corners  at  about  90  per 
cent  of  the  ultimate  load.  As  the  ultimate  load  was  approached, 
popping  noises  were  heard  and  failure  soon  followed  by  the  block 
being  completely  shattered  by  the  formation  of  numerous  longi- 
tudinal cracks.  All  the  tests  given  were  made  at  the  same  time 
under  identical  conditions.  Results  of  transverse  tests  on  terra 
cotta  blocks  are  given  in  Table  4,  page  13.  These  tests  were 
made  with  blocks  loaded  on  top,  on  side  and  on  edge.  The 
method  of  loading  is  indicated  by  sketches  in  the  table. 

Fig.  1,  page  9,  gives  the  rate  of  absorption  as  already 
described. 


/J 

4 

1 

-">'- 


Nc\| 


r 

p— /j- 

r 

Fig.  2.    Sketch  of  a  Terra  Cotta  Block  and  Arrangement 

of  Terra  Cotta  Blocks  and  Brick  in 

Various  Sections. 


8.  Cement,  Sand,  and  Mortar. — Universal  portland  cement 
mortar  was  used  in  all  16  terra  cotta  block  columns  and  in  13  of 
the  brick  columns.  In  two  brick  columns  lime  mortar  was  used 
and  in  one  brick  column  Bricklayers'  (natural)  cement  was  used. 
The  results  of  tensile  tests  of  these  cements  are  given  in  Table  5, 
page  15.  The  results  of  the  test  of  the  Universal  cement  for  the 
two  different  years  are  given  separately.  The  cement  for  the 
terra  cotta  block  columns  tested  January,  1907  was  from  the  1907 
lot;  all  other  portland  cement  used  was  from  the  1908  lot.     The 
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sand  was  the  same  as  was  used  for  the  reinforced  concrete  tests 
during  the  season  of  1906-7.  It  came  from  near  the  Wabash  river 
at  Attica,  Indiana.  It  was  screened  through  a  No.  10  sieve  and 
contained  a  rather  large  amount  of  clay.  Average  values  from 
mechanical   analyses  of   the  sand  are  given  in  Table  6,  page  16. 

TABLE  5. 
Tensile  Strength  of  Cement. 


Ultimate  Strength 

lb.  per  sq.  in. 

Ref. 

1907  Universal   (portland) 

1908  Universal   (portland) 

Bricklayer? 

'  (natural) 

No. 

Age  * 

days 

Age  28  days 

Age  7  days 

Age  28  days 

Age  7  days 

Age  28  days 

Neat 

1-3 

Neat 

1-3 

Neat 

1-3 

Neat 

1-3 

Neat 

1-3 

Neat 

1-3 

1 

410 

187 

680 

370 

563 

244 

764 

319 

120 

40 

175 

87 

2 

470 

200 

670 

330 

809 

248 

885 

336 

120 

38 

210 

87 

3 

360 

120 

560 

360 

728 

232 

776 

285 

100 

40 

130 

81 

4 

405 

145 

570 

290 

699 

242 

754 

292 

115 

35 

140 

84 

5 

320 

195 

600 

295 

702 

229 

763 

315 

100 

190 

87 

Av. 

379 

171 

617 

326 

700 

239 

788 

309 

111 

38 

169 

85 

The  1-3  briquettes  were  made  from  standard  Ottawa  sand. 

All  the  values  for  each  cement  given  in  any  horizontal  line  are  from  briquettes  made  from 
the  same  sample.    Each  value  given  for  the  Universal  cement  is  the  average  of  5  briquettes. 

The  values  given  for  the  Bricklayers'  cement  are  each  from  a  single  briquette  test.    All  the 
tests  are  from  a  single  sample  of  cement. 

A  1-2  mortar  was  used  in  making  7  terra  cotta  block  columns, 
a  1-3  mortar  in  7  columns  *and  a  1-5  mortar  in  2  others.  Of 
the  brick  columns,  11  were  made  with  1-3,  and  2  with  1-5 
portland  cement  mortar,  1  with  1-3  Bricklayers'  (natural) 
cement  mortar,  and  2  with  1-2  lime  mortar.  The  proportion- 
ing was  by  loose  volume  in  all  cases.  The  mortar  was  mixed  in 
small  batches  as  needed.  The  mixing  was  done  by  a  bricklayer's 
helper,  who  used  the  ordinary  methods  for  such  work.  In  most 
cases  as  the  columns  were  laid  up,  one  or  two  6-in.  cubes  were 
made  from  each  batch  of  cement  mortar  and  afterwards  tested  as 
a  check  on  the  quality  of  the  mortar.  The  results  of  these  tests 
may  be  found  in  Table  9,  page  26,  and  Table  13,  page  42.  The 
value  given  for  each  column  is  the  average  of  the  tests  of  the 
cubes  made  from  the  mortar  used  in  the  corresponding  column. 
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9.  Dimensions  of  Columns. — The  first  7  terra  cotta  block 
columns  (those  tested  January,  1907)  were  built  from  11  ft.  10  in. 
to  12  ft.  6  in.  high  and  of  four  different  cross  sections,  8t  in.  x  8i 
in.,  82  in.  x  13  in.,  13  in.  x  13  in.,  and  17?  in.  x  17i  in.  The 
remainder  of  the  columns,  both  terra  cotta  block  and  brick,  were 
built  about  10  ft.  high  and  with  a  cross  section  about  12i  in.  x  12£ 
in.  The  exact  dimensions  of  the  columns  are  given  in  Tables  7 
and  11,  pages  24  and  39.  The  arrangement  of  the  blocks  in  the  dif- 
ferent sections  is  indicated  in  Fig.  2,  page  14. 

TABLE  6. 

Mechanical  Analysis  of  Sand. 

Average  of  5  Samples. 


Sieve  No. 

Separation 
Size 
inches 

Per  cent 
Passing 

10 

.091 

100 

12 

.067 

87.3 

16 



80.0 

18 

.043 

65.0 

30 

.027 

42.7 

40 

.019 

28.5 

50 

.013 

17.3 

74 

.009 

8.3 

150 



2.3 

200 



1.6 

10.  Fabrication  and  Storage  of  the  Columns. — The  columns  were 
made  in  the  Laboratory  of  Applied  Mechanics  of  the  University 
of  Illinois.  The  work  was  done  by  experienced  bricklayers. 
Columns  No.  1  to  No.  7,  inclusive,  were  laid  up  by  a  workman 
sent  for  that  purpose  by  the  National  Fire  Proofing  Co.,  of 
Chicago,  the  company  which  furnished  the  terra  cotta  blocks  for 
these  tests.  This  workman  had  had  considerable  experience  in 
this  particular  kind  of  work  and  had  previously  built  a  number  of 
columns  for  testing  purposes.  The  remainder  of  the  terra  cotta 
block  and  all  of  the  brick  columns  were  built  by  a  workman  fur- 
nished by  a  local  contractor,  who  was  requested  to  select  a  repre- 
sentative bricklayer.  He  had  had  no  previous  experience  in  lay- 
ing terra  cotta  blocks,  but  was  thrown  upon  his  own  resources 
after  receiving  necessary  instructions  regarding  dimensions,  etc. 
The  work  of  the  latter  man  seems  to  be  more  nearly  representa- 
tive of  what  would  be  obtained  in  an  ordinary  case,  although  no 


TESTS  OF  BRICK  AND  TERRA  COTTA  BLOCK  COLUMNS    17 

appreciable  difference  in  the  results  can  be  traced  to  the  difference 
in  workmanship.  No  special  care  was  taken  in  selecting  the 
brick  or  blocks  in  building  the  columns  except  that  from  the 
second  shipment  of  terra  cotta  blocks  enough  under-burned  or 
apparently  inferior  blocks  were  set  aside  to  build  one  column, 
(No.  17). 

A  base  plate  of  cast  iron  about  li  in.  in  thickness,  planed  on 
each  side,  was  leveled  on  the  concrete  floor  and  the  column  built 
upon  it.  The  terra  cotta  blocks  and  clay  brick  were  plunged  into 
a  bucket  of  water  a  few  minutes  before  laying.  The  shale  brick 
were  so  impervious  that  this  was  not  necessary.  All  columns 
described  herein  were  laid  up  solid,  i.e.,  no  hollow  spaces  were 
left,  except  the  vertical  openings  in  the  terra  cotta  blocks.  No 
attempt  was  made  to  fill  these  openings  with  mortar.  Joints 
were  broken  in  eveiy  course  in  all  columns  built.  The  brick  were 
laid  flatwise  as  in  practice.  The  number  of  courses  and  the  thick- 
ness of  the  mortar  joints  are  given  in  the  tables  for  each  column. 
A  cast-iron  bearing  plate  similar  to  the  one  mentioned  above  was 
bedded  in  mortar  on  the  top  of  each  column.  These  plates  were 
useful  when  moving  the  columns  to  the  testing  machine,  and  they 
served  as  bearing  plates  in  the  test.  The  columns  composing  a  set 
(similarly  built  and  tested)  were  built  on  different  days  in  order 
that  average  conditions  might  govern  and  thus  eliminate  as  far  as 
may  be  the  accidental  effect  of  the  conditions  of  workmanship  and 
materials. 

All  of  the  columns  which  are  designated  in  the  tables  as  well 
laid  were  built  with  the  care  usually  given  to  first-class  masonry. 
In  building  five  of  the  columns  (brick  columns  No.  55  and  56,  and 
terra  cotta  block  columns  No.  12,  13,  and  14)  designated  in  the 
tables  as  poorly  laid,  the  workman  was  told  to  use  less  care  in 
making  horizontal  joints  and  in  filling  the  vertical  joints.  It  was 
the  intention  to  produce  the  effect  of  a  hurried  or  careless  work- 
man. These  columns  were  built  in  about  three-fourths  the  time 
required  for  a  similar  one  well  laid. 

Each  column  was  left  standing  in  the  place  in  which  it  was 
built  until  time  of  test.  The  columns  were  kept  in  an  upright  posi- 
tion as  they  were  transported  to  the  testing  machine  by  means 
of  an  overhead  crane.  No  attempt  was  made  to  prevent  the  mor- 
tar in  the  joints  from  drying  out.  The  temperature  of  the  room 
in  which  the  columns  were  made  and  stored  varied  from  55°  to  70°  F. 
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The  columns  were  tested  at  an  age  of  about  60  days.  Two 
brick  columns  were  tested  at  an  age  of  6  months.  The  exact  age 
at  time  of  best  is  given  for  each  column. 

11.  Methods  of  Testing. — Fourteen  terra  cotta  block  columns 
were  tested  with  concentric  loading  and  two  with  eccentric  loading; 
on  some  of  the  columns  the  load  was  applied  in  more  than  one 
way.  One  of  the  terra  cotta  block  columns  (No.  15)  did  not  fail 
after  several  repetitions  of  the  concentric  load  up  to  the  capacity 
of  the  machine  and  was  afterward  loaded  eccentrically  until  failure 
occurred.  Terra  cotta  block  columns  No.  7  and  No.  8  did  not  fail 
after  receiving  several  applications  of  the  full  load  of  the  testing 
machine.  No.  7  was  loaded  eccentrically  also  but  not  to  failure. 
They  were  set  aside  for  further  test  at  some  future  date.  Two  of 
the  terra  cotta  block  columns,  No.  6  and  No.  7,  had  a  gradually 
increasing  load  applied  and  released  in  succession.  Of  the  brick 
columns,  14  were  tested  with  concentric  load  and  2  with  the  load 
applied  eccentrically.  In  the  test  of  No.  60  (shale  brick,  1-3  mor- 
tar, age  at  test  6  months)  failure  was  finally  produced  by  repeating 
the  maximum  load  a  number  of  times. 

In  several  cases  when  failure  occurred  at  or  near  the  top  of 
the  column  enough  of  the  top  was  removed  so  that  the  remaining 
portion  contained  no  cracks,  a  bearing  plate  was  placed  in  mortar 
on  the  top,  and  the  resulting  short  column  afterward  tested.  The 
results  of  these  tests  do  not  differ  greatly  from  those  of  the 
original  columns.  The  slight  increase  in  compressive  strength 
may  be  accredited  to  the  increase  in  the  strength  of  the  mortar 
during  the  interval. 

All  the  tests  were  made  in  the  600  000-lb.  Riehle  vertical  screw 
testing  machine  in  the  Laboratory  of  Applied  Mechanics  of  the 
University  of  Illinois.  The  machine  head  moved  at  the  rate  of 
0.05  inches  per  minute;  except  in  some  cases,  where  the  load  was 
repeated,  when  a  speed  of  0.10  inches  per  minute  was  used.  The 
load  was  generally  applied  by  increments  of  about  25  000  lb.  on 
the  column,  but  for  the  columns  built  of  lean  mortar  or  of  clay 
brick  the  increment  was  smaller.  The  load  was  applied  through 
a  spherical  bearing  block,  except  where  the  column  was  loaded 
eccentrically.  In  arranging  the  columns  for  eccentric  loading,  a 
J-inch  square  steel  bar  about  twenty  inches  long  was  placed  one 
inch  off  the  center  of  the  column  under  the  lower  bearing  block, 
and  a  similar  bar  in  a  corresponding  position  on  top  of  the  upper 
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bearing  block.  The  load  was  applied  to  the  column  through  these 
bars. 

The  measurements  of  longitudinal  deformations  were  made  by 
instruments  which  are  shown  in  the  views  in  Fig.  8.  The  yokes 
were  so  placed  on  the  column  that  measurements  were  taken 
over  a  length  of  about  100  inches.  On  each  side  of  the  lower  yoke 
an  instrument  was  placed  which  read  direct  on  the  dial  to  thou- 
sandths and  by  estimation  to  ten-thousandths  of  an  inch.  After 
each  increment  of  load  was  applied,  the  machine  was  stopped 
and  readings  of  the  extensometers  taken  before  again  increasing 
the  load.  Readings  were  generally  taken  at  increments  of  load  of 
25  000  lb. ,  although  smaller  increments  were  used  in  the  tests  of 
the  columns  in  which  clay  brick  or  a  lean  mortar  was  used. 

In  some  of  the  earlier  tests  the  lateral  deflection  of  the  col- 
umn from  its  original  vertical  position  was  measured  by  means 
of  two  fine  silk  threads  and  mirror  scales  placed  on  two  faces 
near  the  middle  of  the  column.  The  threads  were  fastened  at 
points  near  the  ends  of  the  column  and  held  taut.  The  amount 
of  the  center  deflection  would  be  indicated  by  the  movement  of 
the  thread  over  the  scale.  The  actual  amount  and  direction  of 
the  deflection  could  be  calculated  by  considering  the  scale  read- 
ings as  the  rectangular  components  of  the  movement.  The  meas- 
urement of  lateral  deflection  was  finally  discontinued,  as  the 
total  amount  of  the  movement  was  so  small  as  to  be  insignificant. 
The  total  center  deflection  of  a  brick  or  terra  cotta  block  column 
12i  x  12^  in.  in  section,  and  10  ft.  long,  in  which  the  stronger 
mortar  was  used,  was  no  greater  than  0.03  in.  to  0.08  in. 

III.     Experimental  Data  and  Discussion. 

A.      BRICK   COLUMN   TESTS. 

12.  Brick  Column  Test  Data. — Fourteen  columns  of  shale 
building  brick  and  two  columns  of  underburned  clay  brick,  all  ap- 
proximately 12i  x  12i  in.  in  cross  section  and  10  ft.  long,  were 
tested.  The  make-up  of  the  columns,  method  of  applying  the  load 
and  the  age  at  test  varied.  Table  7,  page  24,  gives  data  on  the 
dimensions  and  make-up  of  the  brick  columns.  Table  8,  page  25, 
gives  data  on  the  tests  of  the  columns. 

13.  Phenomena  of  the  Tests  of  Brick  Columns. — As  already 
stated,    the   brick  columns  were  made  in  sets  of  two  or  three,. 
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which  were  constructed  and  loaded  similarly.  With  the  exception 
of  No.  60,  these  columns  were  loaded  continuously  to  failure. 
In  the  test  of  No.  60,  a  load  above  the  rated  capacity  of  the 
machine  was  released  and  re- applied  seven  times  before  failure 
finally  occurred.  The  phenomena  of  the  continuous-loading  tests 
will  be  described  here,  and  the  repeated-load  test  will  be  dis- 
cussed in  a  succeeding  paragraph. 

In  all  of  the  brick  column  tests,  the  first  evidence  of  distress 
observed  was  a  faint  popping  sound  which  seemed  to  proceed 
from  the  interior  of  the  column.  The  load  at  which  this  pop- 
ping was  first  heard,  expressed  as  a  proportional  part  of  the 
maximum  load  carried  by  the  column,  is  given  in  the  last  column 
of  Table  8,  page  25.  As  the  load  was  increased,  the  popping 
noises  were  heard  more  frequently  and  were  louder.  As  the  load 
was  further  increased,  the  action  of  the  columns  depended  to  a 
great  extent  on  the  quality  of  the  mortar  used.  The  columns  in 
which  the  richer  and  stronger  mortar  was  used  gave  little  or  no 
additional  evidence  of  distress  until  a  load  a  little  below  the  max- 
imum was  reached,  when  spalling  of  the  mortar  at  the  corners  of 
the  column,  or  the  formation  of  longitudinal  cracks  through  the 
vertical  joints  gave  warning  of  impending  failure;  after  the 
beginning  of  spalling  or  the  formation  of  longitudinal  cracks  was 
observed,  the  failure  was  generally  very  sudden  and  complete.  In 
this  class  of  columns  (those  with  1-3  portland  cement  mortar) 
the  debris  showed  that  failure  was  precipitated  by  the  formation 
of  longitudinal  cracks  through  each  vertical  joint.  These  cracks 
generally  extended  throughout  about  the  upper  two-thirds  of  the 
length  of  the  column,  beginning  near  the  middle  and  extending 
both  ways.  Such  failures  were  extremely  violent  and  sometimes 
involved  hazard  to  observers  and  often  proved  destructive  to 
measuring  instruments.  The  failures  came  with  such  slight 
warning  that,  despite  repeated  efforts,  the  operator  was  unable, 
except  in  two  tests  (Columns  No.  55  and  56),  to  stop  the  move- 
ment of  the  testing  machine  after  evidences  of  failure  were 
observed  in  time  to  avoid  reducing  the  upper  two-thirds  of  the  col- 
umn to  a  mass  of  broken  bricks  and  mortar  scattered  over  the 
Laboratory.  The  design  of  this  machine  is  such  that  it  may  be 
stopped  and  the  motion  completely  reversed  almost  instantly. 
It  will  be  found  by  reference  to  the  table  that  the  columns 
referred  to  were  the  ones  laid  up  carelessly.  They  were  less  rigid 
than  the  others  of  the  same  materials  and  hence  took  on  load  more 
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slowly.  The  photographs,  Fig.  3,  page  21,  show  the  two  brick 
columns  (No.  55  and  No.  56)  in  which  the  collapse  was  not  com- 
plete; the  smallest  section  of  No.  55,  about  2i  ft.  below  the  top, 
is  scarcely  larger  than  one  brick. 

The  phenomena  of  the  test  of  the  clay-brick  columns  did  not 
differ  greatly  from  those  of  shale-brick  with  1-3  portland  cement 
mortar,  except  that  on  account  of  the  reduced  rigidity  the  load 
was  applied  more  slowly  and  the  failures  were  less  sudden  and 
violent. 

The  failures  of  the  columns  in  which  1-5  portland  cemeut, 
natural  cement,  or  lime  mortar  was  used  were  similar  to  those 
described  above,  except  that  they  rarely  got  beyond  the  spalling 
and  cracking  stage.  In  these  tests  the  formation  of  the  vertical 
cracks  could  readily  be  observed.  The  freedom  from  sudden  col- 
lapse was  probably  due  to  the  yielding  of  the  joints  and  the  fact 
that  the  testing  machine  does  not  follow  such  yielding  instantan- 
eously. It  must  not  be  inferred  that  under  an  actual  load  such 
columns  would  not  have  failed  as  suddenly  and  completely  as  the 
others.  Where  natural  cement  or  lime  mortar  was  used,  the 
mortar  gradually  disintegrated  and  reduced  to  powder. 

The  photographs  reproduced  in  Fig.  4,  page  22,  show  the 
size  and  location  of  these  vertical  cracks  in  a  brick  column  in 
which  1-5  portland  cement  mortar  was  used.  Each  view  shows 
the  condition  of  the  upper  half  of  one  face  of  the  column  after 
failure.  Some  of  the  cracks  could  be  traced  nearly  to  the  bottom 
of  the  column.  This  distribution  of  cracks  is  characteristic  of  the 
columns  with  stronger  mortar,  but,  as  stated  above,  it  was 
impossible  to  discontinue  the  tests  of  the  stronger  columns  at  this 
stage.  In  these  tests  also  the  cracks  and  excessive  spalling  were 
generally  confined  to  the  upper  two-thirds  of  the  length  of  the 
column. 

This  phenomenon  may  be  accounted  for  by  the  consideration 
that  the  mortar  in  the  lower  portion  of  the  column  is  appreciably 
stronger  than  that  above,  due  to  the  weight  of  the  column  com- 
ing upon  it  during  the  period  of  setting.  This  phenomenon  has 
been  observed  in  other  tests  designed  for  that  purpose,  both  in 
this  Laboratory  and  elsewhere.  Recently  two  sets  of  6-in.  cubes 
(3  cubes  in  a  set)  were  made  from  the  same  batch  of  concrete. 
Two  cubes  from  each  set  were  allowed  to  harden  in  the  open  air 
as  usual,  while  the  third  was  loaded  with  a  pressure  of  about  10  lb. 
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per  sq.  in.  The  cubes  were  tested  in  compression  after  a 
period  of  10  days;  the  cubes  which  set  under  pressure  giving  in 
each  case  a  value  of  about  33  per  cent  in  excess  of  the  average  of 
the  other  two. 

The  columns  loaded  eccentrically  failed  by  the  formation  of 
vertical  cracks  parallel  to  the  loading  plane.  They  were  thrown 
from  the  machine  toward  the  side  opposite  the  load. 

TABLE  7. 
Data  of  Brick  Columns. 


Col. 
No. 


Characteristics  of  Col- 
umn and  Loading 


Kind  of 
Mortar 


Nominal 

Gross 

Num- 

Length 

Section 

Area 

ber  of 

ft. -in. 

in.  x  in. 

sq. in. 

Courses 

Average 
Thick- 
ness of 
Joint 
inches 


Shale  Building  Brick 


51 

52 

53 

59 
60 

55 
56 

57 
58 
61 
62 
9] 

71 
72 


Well  laid,  concentric 
load. 

do. 
do. 

do. 
do. 

Poorly  laid,concentric 
load. 

do. 

Well    laid,   eccentric 
load.  (e  =  l  in.) 
do. 

Well   laid,  concentric 
load. 

do. 

do. 


do. 
do. 


1-3  port, 
cement 

do. 

do. 

9-10 

9-114 
9  9 

do. 
do. 

9-11 
9-11 

do. 

9-11 

.  do. 

10-0 

do. 

9-10 

do. 

9-1  It 

1-5  port. 

cement 

do. 

9-9f 
9-10 

1-3  natur- 
al cemenl 

10-0 

1-2    lime 
do. 

9-10 
9-84 

124x124 


124  x 
124  x 

12*  x 

12    \ 

124  x 

12U 

12<x 

12;   X 

124  x 

12    x 

124  x 


12.  x 
12    x 


124 
124 

124 
124 

12 

124 

12- 

124 

H 

124 

12 


124 

12 


157.5 

43 

158.8 
156.3 

43 
42 

158.8 
158.1 

43 

43 

158.1 

43 

155.0 

43 

156.9 

43 

156.9 

43 

159.4 

42 

158.1 

42 

158.8 

43 

1 58 . 8 
L60.1 

43 
43 

.33 

.37 

.38 

.36 
.36 

.36 

.38 

.33 

.38 
.39 
.in 
.38 

.33 

.30 


rnderhurned  Clav  Brick 


81 

S 

Well   laid,  concentric 
load. 

do. 

l  3  port. 

cement 

do. 

10    O' 

9  11 

12    x  12 
12    xl2 

L61.3 
161.9 

40 
40 

.40 
.44 
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TABLE  8. 
Data  of  Tests  op  Brick  Columns. 


Maximum  Load 


Total       Unit.  lb. 
pounds    persq.  in 


Acre  at 
Test 
days 


Manner  of  Failure 


Initial 
Modulus 

of  Elasti- 
city, lb. 

per  sq.  in. 


Maximum 

Unit 
Shorten 


Propor- 
tional 

Load  at 
which 

Popping 

was  First 

Noted 


Shale  Building-  Brick 


507  000 

3220 

66 

557  000 

3510 

68 

527  000 

3370 

65 

601  000 

3790 

181 

651  000 

4110 

181 

454  000 

2860 

69 

462  000 

2980 

68 

427  000 

2720 

69 

452  000 

2880 

67 

350  000 

2190 

66 

358  000 

2260 

65 

277  000 

1750 

66 

216  000 

1360 

67 

248  000 

1540 

66 

Split  along  joint,  top  to 

bottom. 
Total  collapse  with  1  ittle 

warning, 
do. 

do. 

Upper  half  shattered  on 
seventh  repetition  of 
load. 

Total  collapse  with  lit 

tie  warning. 
Middle  portion   thrown 

out. 

Split     through    joints, 

near  top. 
Split     through     joints. 

Center   thrown   from 

machine. 

Cracked  from  bottom  to 

top. 
Total  collapse  after  Ion 

gitudinal  cracks  in  top 

Spalled  at  joints.  Did 
not  collapse. 

Badly  spalled.  Mortar 
reduced  to  powder. 
Did  not  collapse. 

Column  deflected  not 
iceably  to  north,  spal- 
ling  and  crushing  on 
south.  Did  not  col 
lapse. 


4  350  000 

.00104 

5  450  000 

.00110 

4  550  000 

.00122 

4  700  000 

.00106 

5  350  000 

.00129 

3  550  000 

.00102 

3  500  000 

.00094 

4  100  000 

4  700  000 

3  500  000 

.00109 

3  000  000 

.00129 

800  000 

.0027 

101 000 

107  000 

Underburned  Clay  Brick 


166  000 
177  000 


1030 
1090 


63     Total  collapse. 
62  do. 


435  000 
430  000 


.00270 
.00250 
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14.  Strength  of  Brick  Columns  -The  results  of  the  tests  of  brick 
columns,  given  in  Table  8,  page  25,  show  greater  uniformity  than 
has  usually  been  found  for  test  specimens  of  this  kind.  A  sum 
marized  statement  of  average  values  from  the  tests  is  given  in 
Table  9,  page  26.  The  average  value  of  the  crushing  strength  of 
brick  loaded  flatwise  was  used  in  computing  the  ratio  in  the  fourth 
column  of  the  table.  The  average  value  of  the  unit-loads  taken  by 
the  three  shale  brick  columns  laid  up  with  1-3  portland  cement  mor- 
tar and  tested  at  67  days,  is  used  in  computing  the  ratios  in  the 
fifth  column  of  the  table. 

The  columns  which  were  built  of  shale  brick,  using  1-3  and 
1-5  portland  cement  mortar,  and  loaded  in  a  similar  manner,  give 

TABLE  9. 

Summary  of  Tests  of  Brick  Columns. 

Average  Values. 


Characteristics  of  Columns 


Average 

Unit 

I  Load.  lb. 

iper  sq.  in. 


Ratio  of  Ratio  of  Crushing  Ratio  of 
Strength  (Strength  !  Strength  I  Strength 
of  Column  of  Column;    of  6-in.     of  Column 

to  to  Mortar  to 

Strength    Strength  Cubes,  lb.  Strength 

of  Brick      of  "A"     per  sq.  in.   of  Cubes 


Shale  Building  Brick 


Well  laid,  1-3  portland  cement     3365  .31 

mortar,  67  days. 
Well  laid,  1-3  portland  cement     3950  .37 

mortar,  6  months. 
Well  laid,  1-3  portland  cement     2800  .26 

mortar,  eccentrically  loaded, 
68  davs. 
Poorly  laid,    1-3   portland  2920  .27 

cement  mortar,  67  days. 
Well  laid,  1-5  portland  cement     2225  .21    I 

mortar,  65  days. 
Well  laid,  1-3  natural  cement     1750  .16    j 

mortar,  67  days. 
Well  laid,  1-2  lime  mortar,  66     1450  .14 

days. 


1.00 

1.18 

.83 


.52 

.43 


2870* 


1.17 


2870* 

1710 

305 


1.05 
1.30 
5.75 


Underburned  Clay  Brick 


Well  laid,  1-3  portland  cement      LOGO 
mortar,  63  days. 


.27 


.31 


2870* 


.31 


♦Average  value  bused  on  13  tests  of  1-8  port  land  cement  mortar  cubes  60  days  old. 
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data  on  the  effect  of  the  richness  of  the  mortar  in  columns  tested 
at  the  same  age.  For  the  columns  with  1-3  portland  cement  mor- 
tar 67  days  old,  the  ratio  of  the  breaking  load  on  the  columns  to 
the  (average)  ultimate  load  carried  by  a  single  brick  tested  flat- 
wise in  compression  is  0.31;  for  1-5  mortar,  other  conditions  be- 
ing the  same,  this  value  is  0.21.  These  values  bear  to  each  other 
nearly  the  same  ratio  as  do  the  strengths  of  the  mortars  as  shown 
by  the  results  of  tests  of  6-in.  cubes.  This  shows  a  decrease  of 
34  per  cent  due  to  the  use  of  a  leaner  mortar.  For  the  two  col- 
umns built  of  1-3  portland  cement  mortar  which  were  tested  at  an 
age  of  6  months,  the  value  of  this  ratio  is  about  0.37,  showing  an 
increase  of  about  21  percent  in  the  strength  of  the  column  dur- 
ing the  interval.  No  mortar  cubes  were  tested  at  6  months;  but 
this  increase  of  21  per  cent  agrees  well  with  the  increase  in 
strength  of  1-3  portland  cement  mortar  from  60  days  to  6  months, 
as  found  in  other  laboratory  tests. 

The  popping  sounds  referred  to  under  "13,  Phenomena  of 
Tests  of  Brick  Columns"  have  been  accredited  to  the  breaking  of  the 
brick  in  flexure  due  to  the  stresses  introduced  by  the  readjustment 
of  the  different  parts  following  unequal  shortening  in  different 
parts  of  the  column  at  a  given  level,  or  to  uneven  bearing  of  the 
brick  throughout  their  length,  or  to  both.  The  practice  of  brick- 
layers in  placing  mortar  at  the  ends  of  the  bricks  causes  them  to 
be  more  fully  supported  at  the  ends  (or  not  to  have  a  uniform 
bearing  throughout  their  length).  As  the  same  thing  is  done  in 
the  course  next  above  and  the  joints  are  broken,  the  effect  is  that 
any  given  brick  has  a  greater  load  in  the  middle  and  its  main 
support  is  at  the  ends.  This  is  particularly  true  of  the  inner  portion 
of  each  joint  in  a  column  of  small  section.  It  is  therefore  sub- 
ject to  flexure.  After  the  bricks  are  broken  and  vertical  cracks 
formed,  this  uneven  distribution  of  the  pressure  and  bearing 
has  the  effect  of  eccentricity  of  loading. 

The  load  at  which  this  popping  was  first  observed  is  indicated 
by  a  cross  (x)  on  the  load-deformation  diagrams  given  on  pages 
30  and  32.  This  load  corresponds  to  a  unit  deformation  of  about 
0.00049  for  the  columns  built  of  1-3  mortar  and  tested  at  67  days. 
For  similar  columns  tested  at  an  age  of  6  months  the  value  of 
this  unit  deformation  was  somewhat  higher,  though  not  so  well 
defined.  With  the  leaner  and  weaker  mortars  the  value  of  this 
deformation  is  from  0.0017  to  0.0135.     For  the  clay-brick  columns 
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(1-3  portland  cement  mortar)  the  deformation  is  0.0023  and  0.0026. 
It  seems  probable  that  the  popping  noises  are  indications  of 
incipient  failure  and  that  this  load  represents  the  maximum  load 
which  the  column  would  continue  to  carry  even  under  the  condi- 
tions present  during  the  test.  By  reference  to  the  load-deforma- 
tioti  diagrams  it  will  be  seen  that  this  point  coincides  closely  in 
nearly  every  case  with  the  load  at  which  a  definite  change  in  the 
nature  of  the  curve  occurs. 

The  two  columns  (No.  55  and  56)  which  were  laid  up  hurriedly 
(poorly  laid)  give  results  which  do  not  differ  from  those  found  in 
the  columns  built  by  the  regulation  methods  as  much  as  might 
have  been  expected.  The  average  values  show  a  decrease  of 
strength  of  about  13  per  cent  due  to  this  cause. 

The  ratio  of  the  strength  of  the  one  column  laid  up  with  1-3 
Bricklayers'  (natural)  cement  mortar  to  the  strength  of  the  shale 
brick  columns  built  of  1-3  portland  cement  mortar  is  0.52.  The 
ratio  of  the  strengths  of  the  corresponding  6- in.  cubes  as  given 
in  Table  9,  page  26,  is  0.11. 

No  direct  comparison  of  the  strength  of  the  lime- mortar  col- 
umns with  the  strength  of  the  mortar  can  be  made  (since  no  tests 
of  the  lime  mortar  were  made),  although  it  is  evident  that  the 
low  values  observed  are  due  to  the  low  crushing  strength  of  the 
mortar.  From  the  action  of  these  columns  during  the  tests  it 
seems  evident  that  the  lime  mortar  broke  down  at  a  load  which 
was  proportionally  very  much  lower  than  that  carried  by  the 
cement  mortar.  From  the  early  signs  of  distress  exhibited  by 
these  columns  it  seems  doubtful  if  they  would  continue  to  carry  a 
load  greater  than  about  one-third  the  maximum  load  given  in  the 
test,  while  for  the  shale  brick  columns  built  with  portand  cement 
mortar,  the  load  at  which  the  first  signs  of  distress  were  observed 
is  from  50  per  cent  to  75  percent  of  the  maximum  load  carried. 

For  the  two  columns  built  of  underburned  clay  brick  and  1-3 
Portland  cement  mortar,  the  average  load  carried  was  1000  lb. 
per  sq.  in.  The  ratio  of  this  load  to  the  load  taken  by  the  shale 
brick  columns  tested  at  the  same  age  is  0.31.  The  ratio  of  the 
crushing  strength  of  the  clay  brick  to  that  of  the  shale  brick  is 
0.37. 

It  is  evident  that  the  strength  of  any  brick  or  block  structure 
is  influenced  greatly  by  the  quality  of  the  mortar  used.  These 
comparisons  indicate  that  for  the  columns  tested  the  strength  of 
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columns  built  from  the  same  brick  is  closely  proportional  to  the 
strength  of  the  mortar  used  in  their  construction,  and  the  strength 
of  columns  built  of  different  brick  using  the  same  mortar  is  closely 
proportional  to  the  crushing  strength  of  the  brick.  Of  course, 
these  conclusions  may  not  be  expected  to  hold  for  all  combinations 
of  brick  and  mortar.  A  mortar  might  be  used  of  such  low  crushing 
strength  that  the  strength  of  the  poorest  brick  would  be  great  in 
comparison. 

These  tests  indicate  that  the  crushing  strength  of  the  brick  is 
as  important  a  factor  in  the  strength  of  a  structure  of  this  kind 
as  the  quality  of  the  mortar  used.  The  most  economical  struc- 
ture would  seem  to  result  from  using  a  mortar  comparable  in 
strength  with  the  brick.  Such  considerations  are  generally 
unnecessary  except  in  design  of  columns,  piers,  etc.,  which  are  to 
sustain  excessive  unit  loads. 

If,  as  pointed  out  in  a  preceding  paragraph,  the  load  at  which 
the  column  first  shows  signs  of  distress  by  popping  sounds  rep- 
resents the  maximum  permanent  load  which  the  column  would 
carry,  then  this  load  is  the  one  on  which  the  factor  of  safety 
should  be  based,  and  not  the  load  carried  momentarily  before 
failure. 

The  effect  of  eccentric  loading  and  repeated  loading  on  brick 
columns  will  be  discussed  in  detail  in  succeeding  paragraphs. 

15.  Load- deformation  Diagrams  for  Brick  Columns. — In  Fig.  5 
and  6,  the  diagrams  show  the  relation  of  longitudinal  deformation 
to  the  applied  load  for  the  brick  columns  tested.  The  make-up  and 
loading  of  each  column  may  be  found  by  reference  to  Table  7. 
The  deformation  and  load  at  which  the  first  popping  noises  were 
heard  are  indicated  on  the  diagrams  by  a  cross  (x).  The  curves 
represent  the  average  of  the  deformations  observed  on  two  oppo- 
site faces  of  the  columns.  They  were  plotted  from  the  extensom- 
eter  measurements  and  the  applied  loads.  The  deformations 
were  measured  over  a  gauged  length  of  about  100  inches. 

The  curves  show  the  rate  at  which  the  column  is  shortening 
at  any  particular  load.  It  is  seen  that  there  is  not  a  direct  pro- 
portionality between  the  applied  load  and  the  resulting  deforma- 
tion, though  there  is  an  approach  to  this  for  the  lower  loads.  If 
a  straight  line  be  drawn  through  the  points  marking  the  earlier 
loads,  (generally  speaking,  tangent  to  the  curve),  it  will  repre- 
sent what  would  be  the  modulus  of  elasticity  of  the  column  if  it 
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DEFORMAT/ON  '  PE  R^M'N/T' OF  'LENGTH. 


Fig.  5.    Load-deformation  Dcagrams  for  Concentrically 
Loaded  Brick  Columns. 
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continued  to  compress  at  the  same  rate  for  all  loads  as  it  did  for 
the  earlier  loads.  The  modulus  of  elasticity,  found  from  the  line 
so  drawn,  is  termed  the  "initial  modulus  of  elasticity".  The 
value  of  this  function  is  given  for  the  brick  columns  in  Table  8, 
page  25. 

The  load-deformation  curves  for  the  two  columns  (No.  57  and 
58)  which  were  loaded  eccentrically  are  given  in  Pig.  6,  page  32. 
The  maximum  deformation  is  at  one  face  (the  face  nearer  the 
point  of  application  of  the  load),  and  the  minimum  deformation  is 
at  the  opposite  face.  Between  the  two  faces,  on  the  assumption 
of  a  plane  section  before  loading  remaining  a  plane  section  after 
the  load  is  applied,  the  deformation  will  vary  uniformly  between 
the  values  given  on  the  diagram  for  the  corresponding  loads  on 
the  two  faces.  The  interpretation  of  the  variation  of  the  stresses 
across  the  section  is  given  in  another  place. 

16.  Effect  of  Repeated  Loads  on  Brick  Columns. — One  brick  col- 
umn (No.  60,  shale  brick,  1-3  portland  cement  mortar,  6  months 
old)  took  the  full  load  of  the  testing  machine  (651  000  lb.,  4110  lb. 
per  sq.  in.)  without  failure.  This  load  was  released  and  reapplied 
seven  times.  Upon  the  seventh  application  of  the  load,  before 
the  instruments  could  be  read,  the  column  failed  with  little  warn- 
ing. The  failure  was  complete,  as  described  above  for  this  class 
of  columns.  This  column  is  exceptional  in  the  load  carried  without 
failure.  The  corresponding  column  (No.  59)  failed  under  a  single 
application  of  a  load  of  601  000  lb.  The  stress-deformation  dia- 
gram for  Column  No.  60  is  given  in  Fig.  5,  page  30.  The  initial 
modulus  of  elasticity  for  the  first  application  of  load  is  very  high 
(5  400  000  lb.  per  sq.  in.).  The  value  of  this  function  for  the  suc- 
ceeding applications  is  somewhat  reduced,  being  about  4  500  000 
lb.  per  sq.  in.  The  curves  for  the  first  application  of  load  are 
similar  to  those  of  other  columns  of  this  class.  Throughout  the 
repetition,  the  observed  deformations  on  two  opposite  faces  of 
the  column  were  nearly  the  same,  showing  the  absence  of  bend- 
ing. The  diagram  shows  the  gradual  increase  in  the  total 
deformation  under  succeeding  applications  of  the  load.  Upon 
release  of  the  load  there  is  a  "set"  which  is  nearly  equal  to  the 
increase  in  total  deformation  due  to  the  previous  application  of 
the  load.  The  curve  for  decreasing  load  is  seen  to  be  almost  the 
reverse  of  that  for  increasing  loads  (concave  upward).  This  phe- 
nomenon has  been  termed  the  "inertia  of  strain",  i.  e.,  the  lag  of 
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DEFORMATION    PER    UNIT  OF   LENGTH. 

Fig.  i).     Load-deformation  Diagrams  for  Eccentrically 
Loaded  Brick  and  Terra  Cotta  Block  Columns. 
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the  deformation  behind  the  load.  This  effect  is  particularly 
noticeable  at  the  beginnings  and  ends  of  the  curves  where  there  is 
a  reversal  in  the  character  of  the  increments  of  load.  It  is  prob- 
able that  this  column  would  have  taken  a  load  of  about  700  000  lb. 
(4370  lb.  per  sq.  in.)  upon  a  single  application  to  failure.  This 
conclusion  is  based  upon  the  amount  of  deformation  which  prob- 
ably would  have  been  required  to  produce  failure.  It  is  plain 
that  the  release  and  reapplication  of  a  load  produces  failure  at  a 
lower  load  than  would  be  necessary  at  a  single  application.  It 
seems  possible  that  the  indefinite  reapplication  of  the  load  which 
produced  the  first  popping  sounds  mentioned  above  might  finally 
produce  failure.  This  load  corresponds  to  a  load  58  per  cent 
of  the  load  that  the  column  probably  would  have  carried  upon  a 
single  application. 

17.  Effect  of  Eccentric  Loading  of  Brick  Columns. — In  the  two 
brick  columns  (No.  57  and  58)  which  were  loaded  eccentrically, 
thp.  load  was  applied  at  either  end  of  the  column  along  a  line  1  in. 
off  the  middle  of  the  section,  as  described  under  "11.  Methods  of 
Testing".  An  amount  of  eccentricity  of  the  load  was  chosen  so 
that  none  but  compressive  stresses  might  exist  in  the  column. 
For  a  rectangular  column  having  the  property  of  proportionality 
of  stress  and  deformation,  in  order  that  tensile  stress  be  not  de- 
veloped, the  point  of  application  of  the  load  should  fall  within 
the  middle  third  of  the  section.  For  such  a  material  as  brick 
masonry  it  is  evident  that,  as  the  deformation  will  not  be  propor- 
tional to  the  stress  at  the  higher  loads,  the  distribution  of  the 
stress  across  the  section  may  differ  somewhat  from  that  assumed 
in  the  ordinary  analysis.  However,  this  analysis  will  be  used  as 
a  basis  of  comparison  with  the  stresses  determined  from  the 
observed  deformations. 

The  formula  for  maximum  and  minimum  stress  in  a  rectan- 
gular column  subjected  to  eccentric  loading,  based  upon  propor- 
tionality of  stress  and  deformation,  and  neglecting  the  further 
eccentricity  due  to  the  bending  of  the  column,  is 

where/  is  the  unit-stress  at  ttie  inner  or  outer  face  of  the  column, 
respectively,  P  is  the  total  load  on  the  column,  A  is  the  area  of 
the  section  of  the  column,  e  is  the  eccentricity  of  loading  or  dis- 
tance from  the  line  of  application  of  the  load  to  the  center  line  of 
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the  section,  and  d  is  the  dimension  of  the  column  perpendicular 
to  the  line  along  which  the  load  is  applied.  For  a  value  of  e  of  1 
inch  and  a  side  d  of  12i  in.,  this  formula  becomes 


/   = 


(1    +  0.48). 


A         — 


In  other  words,  the  stress  at  the  inner  face  is  48  percent  greater, 
and  at  the  outer  face  it  is  48  percent  less,  than  the  average  stress 
over  the  section  of  the  column.  The  values  of  the  minimum 
stress  and  the  maximum  stress  corresponding  to  several  average 
stresses  are  given  in  Table  10,  page  34. 

To  determine  the  minimum  stress  and  the  maximum  stress  on 
the  column  from  the  deformations  observed  at  any  load,  use  may 
be  made  of  the  stress -deformation  diagram  of  a  column  centrally 
loaded.  The  stress  corresponding  to  the  deformation  of  the 
eccentrically  loaded  column  may  in  this  way  be  taken  direct  from 
the  diagram  for  the  centrally  loaded  column.  Three  columns 
(No.  51,  52,  and  53)  are  comparable  to  the  two  eccentrically  loaded 
columns  in  materials  and  fabrication,  and  their  load-defor- 
mation diagrams  may  be  considered  to  give  properties  representa- 
tive of  the  latter  two  columns.  For  comparison,  the  deformations 
at  the  inner  and  outer  faces  of  No.  57  and  58  were  taken  from 
their  diagrams  for  several  loads,  and  the  unit- stresses  correspond - 


TABLE  10. 
Comparison  of  Stresses  in  Eccentrically  Loaded  Brick   Columns 
Stresses  are  given  in  pounds  per  square  inch. 


Stress  at  Inner  Face 

Stress  at  Outer  Faiv 

Average  Unit  Stress 

over 

of  Column 

of  Column 

Section  of  Column 

From 

From 

From 

From 

Deformations 

Formula 

Deformations 

Formula 

500 

840 

740 

245 

260 

1000 

15!  10 

1480 

430 

520 

Column  No.  57 

1500 

2290 

2220 

600 

780 

2000 

29(H) 

2960 

780 

1040 

2500 

3760 

3700 

1065 

1300 

500 

702 

740 

272 

260 

1000 

1340 

1 180 

492 

Column  No.  58 

L500 

2105 

2220 

780 

2000 

2840 

2960 

B45 

L040 

2501) 

3570 

3700 

1127 

1300 
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ing  to  these  were  found  by  the  use  of  the  load-deformation  dia- 
gram of  each  of  the  three  centrally  loaded  columns  named.  The 
average  of  the  three  values  of  the  stresses  so  determined  for 
each  case  is  given  in  Table  10,  page  34,  in  the  columns  headed 
"Prom  Deformations".  It  will  be  seen  that  the  values  deter- 
mined from  the  deformations  agree  fairly  well  with  the  results  of 
the  formula,  considering  the  indefiniteness  in  the  amount  of 
eccentricity  and  the  lack  of  precision  in  measuring  the  deforma- 
tions. 


C  D 

De  form  at  ion 

Distribution  of  Deformation  and  Stress  in  an 
Eccentrically  Loaded  Column. 

The  stress  at  the  inner  face  for  the  load  which  produced  fail- 
ure, calculated  by  the  formula  given  above,  is  4030  lb.  per  sq.  in. 
for  No.  57,  and  4260  lb.  per  sq.  in.  for  No.  58.  This  is  consider- 
ably greater  than  the  stress  on  the  three  centrally  loaded  columns 
at  failure  (average,  3365  lb.  per  sq.  in.).  The  material  under 
maximum  stress  is  evidently  restrained  and  aided  by  that  near  it. 
It  is  worth  while,  also,  to  call  attention  to  the  effect  of  eccentric 
loading,  since  for  an  eccentricity  of  1  inch  the  columns  failed  at 
an  average  load  of  2800  lb.  per  sq.  in. ,  while  the  centrally  loaded 
ones  carried  3365  lb.  per  sq.  in. ,  indicating  a  loss  of  17  per  cent  in 
carrying  capacity  due  to  the  eccentric  loading.  This  result, 
obtained  with  a  small  eccentricity,  emphasizes  the  need  of  provid- 
ing for  such  stresses,  or  of  designing  the  structure  to  avoid  them 
so  far  as  possible. 

It  is  interesting  to  note  that  although  the  deformation  at  the 
inner  face  was  67  percent  more  than  the  average,  and  that  at  the 
outer  face  as  much  less,  the  stresses  found  at  the  two  faces  are 
only  about  48  per  cent  more  and  less  than  the  average.  It  may 
also  be  of  interest  to  compare  the  stresses  at  different  points 
across  the  column. 
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In  Fig.  7,  page  35,  the  middle  diagram  shows  the  distribution 
of  the  deformation  across  the  column,  assumed  to  vary  uniformly. 
The  diagram  on  the  right  gives  the  distribution  of  stresses.  The 
straight  line  in  the  latter  stress-deformation  diagram  represents 
the  assumptions  of  the  ordinary  analysis.  The  curved  line  gives 
the  stresses  determined  from  the  deformations  by  the  method 
used  in  finding  the  stresses  at  the  outer  and  inner  faces  given  in 
Table  10,  page  34. 

B.   TERRA  COTTA  BLOCK  COLUMN  TESTS. 

18.  Terra  Gotta  Block  Column  Tests. — Sixteen  terra  cotta 
block  columns  were  tested.  Table  11,  page  39,  gives  data  on  the 
dimensions,  make-up,  and  method  of  loading  the  columns.  The 
columns  were  built  and  tested  in  two  lots,  an  interval  of  about 
one  year  separating  the  times  of  making  the  tests.  The  two  lots 
of  columns  were  built  of  blocks  which  came  in  different  ship- 
ments. The  cement  used  was  the  same  brand  in  both  years, 
though  the  lots  were  different.  The  terra  cotta  block  columns 
were  generally  made  in  sets  of  two.  Each  set  was  constructed  and 
loaded  similarly.  Three  of  the  columns  were  laid  up  hurriedly 
(poorly  laid);  the  remainder  were  built  with  the  usual  care 
given  to  such  work,  as  described  on  page  17.  The  number  of 
variables  in  these  tests  was  smaller  than  was  the  case  in  the  tests 
of  brick  columns,  but  the  variation  in  materials  makes  compari- 
sons of  results  more  difficult.  The  load  was  applied  to  the  col- 
umns in  different  ways.  Generally  the  load  was  applied  contin- 
ously  to  failure.  In  two  cases  (No.  7  and  No.  8)  the  maximum 
load  that  could  be  applied  with  the  machine  was  repeated  several 
times  without  loading  the  columns  to  failure.  No.  7  was  loaded 
eccentrically  also  but  not  enough  load  was  applied  in  this  way  to 
cause  failure.  These  two  columns  were  removed  from  the  testing 
machine  and  have  been  set  aside  for  future  tests.  Three  columns 
were  loaded  eccentrically  to  failure.  Two  columns  (No.  6  and 
No.  7)  had  an  increasing  load  applied  and  released  in  succession. 
This  method  of  loading  will  be  understood  by  reference  to  the 
stress-deformation  diagrams  for  these  columns,  Fig.  10,  page  Hi. 

19.  Phenomena  of  Tests  of  Terra  Cotta  Block  Col  in  tins. — The 
terra  cotta  block  column  tests  resembled  the  tests  of  brick  col- 
umns in  many  respects.     In  the  following  paragraphs  it  will  fre- 
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quently  be  convenient  to  refer  to  the  parallel  description  of  the 
tests  of  brick  columns  to  avoid  repetition. 

Generally  the  terra  cotta  block  columns  gave  no  sign  of  dis- 
tress until  a  load  near  the  maximum  was  applied,  when  cracking 
noises,  similar  to  those  described  for  the  brick  columns,  were 
heard.  This  was  soon  followed  by  the  formation  of  longitudinal 
cracks  through  the  vertical  joints  or  the  spalling  of  the  horizon- 
tal mortar  joints  at  the  corners  of  the  column,  either  of  which 
was  immediately  followed  by  sudden  collapse  of  the  column.  The 
failures  of  these  columns  were  even  more  violent  than  those 
described  for  the  brick  columns.  The  notes  for  test  of  Column  No. 
14  state  that  there  were  18  whole  blocks  found  in  the  debris  after 
the  collapse  of  the  column;  over  70  per  cent  of  the  blocks  were 
broken.  The  percentage  of  breakage  was  not  so  great  in  the  col- 
umns of  smaller  section,  since  failure  in  these  was  more  local. 
The  smaller  columns  showed  more  variation  in  the  manner  of  fail- 
ure than  the  large  ones.  The  characteristic  form  of  failure  for  the 
12|-  x  12h  in.  columns  was  a  sudden  total  collapse  immediately  fol- 
lowing the  appearance  of  longitudinal  cracks  through  the  verti- 
cil joints  near  the  middle.  Failure  sometimes  occurred  with  no 
warning  except  the  continued  shortening  of  the  column  under  the 
increasing  load.  The  photographs  (Fig.  8  page  37)  show 
failures  of  some  of  these  columns  which  are  characteristic. 

The  columns  loaded  eccentrically  failed  by  splitting  from  end 
to  end  along  the  vertical  mortar  joint  which  was  parallel  to  and 
nearer  the  loading  bar.  In  the  test  of  No.  15  under  eccentric 
load,  after  having  been  loaded  centrally,  failure  came  prematurely 
by  the  breaking  of  the  lower  bearing  block  due  to  the  exces- 
sive cross- breaking  stress  arising  from  this  method  of  applying 
the  load  to  the  column.  The  load  at  failure  can  not  be  considered 
to  be  the  strength    of  this  column  even  under  eccentric  loading. 

The  fractured  surfaces  of  No.  17,  (built  of  apparently  inferior 
blocks)  showed  many  light-colored  interiors.  This  appearance 
confirms  the  judgment  that  was  exercised  in  selecting  these  as 
underburned  blocks. 

20.  Strength  of  Terra  Cotta  Block  Column*. — The  results  of 
the  test  of  terra  cotta  block  columns  are  given  in  Table  L2,  page 
40.  A  summary  of  average  values  from  the  tests  is  given  in 
Table  13,  page  42.  The  variation  in  materials  and  the  method 
of  applying  the  load,  together  with  the  inability  to  load  some  of 
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TABLE  11. 
Data  of  Terra  Cotta  Block  Columns. 


Characteristics  of  Kind  of 

Column  and  Loading-  Mortar 


Length 
ft.-in. 


Nominal  Gross 
Section  .  Area 
in.  x  in.        sq.  in. 


Number 

of 
Courses 


Average 
Thick- 
ness 
of 
Joints 
inches 


Columns  tested  January,  1907. 


1 

Well  laid,  loaded 
concentrically 

1-2 
Portland 

12-6 

8^x81 

72.8 

18 

.33 

2 

do. 

do. 

12-6£ 

81x81 

72.8 

18 

.35 

3 

do. 

do. 

11-11 

81x13 

110.5 

17 

.41 

4 

do. 

do. 

11-101 

81x13 

112.1 

17 

.38 

5 

do. 

do. 

12-7i 

13x13 

170.5 

18 

.41 

6 

do. 

do. 

12-7 

13x13 

169.0 

18 

.39 

7 

Loaded  cencentri- 
cally  and  eccen- 
trically 

do. 

12-7f 

171x171 

307.3 

18 

.42 

Columns  tested  January,  1908. 


8 

Well  laid,  loaded 
concentrically 

1-3 

Portland 

9-9 

121x121 

162.6 

14 

.34 

15* 

do. 

do. 

9-9 

121 x 121 

162.6 

14 

.34 

9 

Well  laid,  loaded 
eccentrically 

do. 

9-9 

121x121 

162.6 

14 

36 

14 

Poorly  laid,  loaded 
concentrically 

do. 

9-9 

121x121 

161.3 

14 

.36 

13 

Poorly  laid,  loaded 
eccentrically 

do. 

9-9 

121 x 121 

161.3 

14 

.36 

12 

Poorly  laid,  loaded 
concentrically 

do. 

9-9 

121x121 

162.5 

14 

.36 

17 

Well  laid  with  in- 
ferior block,  con- 
centric load 

do. 

9-91 

121 x 121 

163.8 

14 

.39 

18 

Well  laid,  loaded 
concentrically 

1-5 
Portland 

9-10 

121x121 

164.3 

14 

.43 

19 

do. 

do. 

9-10 

121x  J21 

161.3 

14 

.43 

*Later  loaded  eccentrically  to  failure. 
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TABLE  12. 
Data  of  Tests  of  Terra  Cotta  Block  Columns 


Col. 
No. 


15 
9 
14 
13 
12 
17 
18 
19 


Maximum 

Total  Load 

pounds 


Unit  Load 
lb-  per  sq.  in. 


Age  at 
Test 
days 


Initial  Modu- 
lus of  Elastic- 
ity 
lb.  per  sq.  in. 


Maximum 

Unit 
Shortening 


Columns  tested  January,  1907. 


1 

219  000 

3030 

68 

2  170  000 

.00160 

2 

200  000 

2740 

66 

1  910  000 

.00153 

3 

300  000 

2700 

67 

No  readings 
taken 

4 

388  100 

3440 

68 

2  150  000 

.00175 

5 

543  400 

3200 

65 

2  040  000 

.00200 

6 

458  000 

2710 

68 

2  700  000 

.00142 

7 

607  700+ 

1980+ 

69 

2  200  000 

Columns  tested  January,  1908 

606  000+ 

3730+ 

68 

2  780  000 

.00154 

616  000+ 

3790+ 

63 

2  750  000 

*. 00170 

565  000 

3470 

64 

2  330  000 

538  000 

3330 

63 

2  860  000 

.00134 

501  000 

3110 

67 

2  500  000 

534  000 

3280 

69 

3  200  000 

.00134 

500  000 

3050 

68 

2  300  000 

.00196 

526  000 

3200 

66 

2  680  000 

.00150 

564  000 

3500 

64 

2  700  000 

.00148 

'Based  upon  the  deformation  produced  by  the  lirst  application  of  a  central 
load. 

The  loads  in  table  followed  by  a  plus  (+)  sign  are  not  the  ultimate  loads  of  the 
columns,  but  are  the  maximum  loads  that  could  be  applied  with  the  testing 
machine  used. 

the  columns  to  failure  as  planned,  make  comparisons  of  results 
uncertain  in  some  cases. 

It  will  be  seen  by  comparison  of  the  results  of  the  tests  made 
January,  11)07,  that  there  is  no  appreciable  difference  in  the 
strength  of  the  columns  due  to  a  variation  in  the  size  of  the  sec- 
tion. It  was  anticipated  that  column  No.  7,  17-V  x  171  in.  in  sec- 
tion, could  not  be  Loaded  to  failure,   but  it  is  of  interest  to  know 
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Notes  on  Manner  of  Failure  of  Terra  Cotta  Block  Columns 


Col. 
No. 


Manner  of  Failure 


Columns  tested  January,  1907 


1    I  Three  top  courses  shattered. 


Failure  followed  appearance  of  crack  in  7th  and  8th  courses  from  bottom. 

Compression  failure  at  middle  on  west  side. 

Crushed  at  top.    Broke  in  middle. 

Cracked  at  top. 

Horizontal  joint  spalled  in  12th  course.     Top  half  of  column  collapsed. 

No  sign  of  failure  at  full  capacity  of  machine.      Set  aside  for  future 
test. 


15 
9 

14 
13 
12 
17 

18 
19 


Columns  tested  January,  1908 


Did  not  fail.    Set  aside  for  future  test. 

Did  not  fail.    Later  loaded  eccentrically. 

Split  end  to  end  along  joint. 

Shattered  suddenly, following  appearance  of  vertical  cracks  near  middle. 

Split  end  to  end  along  joint. 

Shattered  suddenly, following  appearance  of  vertical  cracks  near  middle. 

Completely  shattered,   following   formation  of  vertical   cracks  near 
middle. 

do. 

do. 


that  the  elastic  properties  of  a  column  of  this  size  (as  shown  by 
the  load-deformation  curve)  are  similar  to  those  of  smaller  col- 
umns. The  ratio  of  the  maximum  loads  carried  by  the  1907  col- 
umns which  were  tested  to  failure  to  the  crushing  strength  of 
individual  blocks  is  about  0.86. 

No  tests  were  made  of  the  mortar  used  in  Columns  No.  1  to  7, 
inclusive.  The  tensile  tests  of  1-3  mortars,  given  in  Table  5, 
page  15,  indicate  that  the  two  lots  of  Universal  portland  cement 
were  similar.  From  this  we  may  conclude  that  the  rich  mortar 
used  in  the  1907  columns  was  proportionally   stronger  than  the 
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mortar  used  in  the  1908  columns.  The  great  difference  in  the 
strengths  of  the  columns  built  from  the  two  shipments  of  blocks 
seems  to  be  due  to  the  form  of  the  blocks  themselves.  As  was 
pointed  out  in  a  previous  paragraph,  the  blocks  in  the  first  lot 
were  cut  with  their  ends  (bearing  faces)  concave  in  the  form  of  a 

TABLE  13. 

Summary  of  Tests  of  Terra  Cotta  Block  Columns 
Average  Values 


Characteristics 
of  Columns 


Numbers 

of 
Columns 
Used  in 
Average 


Average 

Maximum 

Unit 

Load 

lb.  per 

sq.  in. 


Ratio  of 
Strength 

of 
Column 

to 

Strength 

of  Block 

(Gross 

area) 


Crushing 
Strength 
of  6-in. 
Mortar 
Cubes 
lb.  per 
sq.  in. 


Ratio  of 
Strength 


Strength 
of  Cubes 


Ratio  of 
Strength 
to 
Esti- 
mated 
Strength 
of  "E" 


Columns  tested  January,  1907 
1-2  portland  cement  mortar.    All  well  laid  and  centrally  loaded. 


81  x  81  in. 

81  x  13  in. 

13  x  13  in. 

171x171  in. 


1,  2 

2885 

.83 

3,  4 

3070 

.89 

5,  6 

2955 

.85 

7, 

1980+ 

Columns  tested  January,  1908 
121x121  in.,  1-3  portland  cement  mortar,  well  laid  unless  noted. 


Central  load 


Eccentric  load 

Poorly  laid,  central 
load 

Poorly  laid,  eccent  ric 

load 

Inferior  blocks,  cen- 
1  ral  load 

1  5  mortar,  central 
load 


8,  15, 

3790+ 
4300* 

•  74  + 
.83* 

3400 

1.12+ 

1.26* 

9, 

3470 

.65 

3090 

1.12 

12, 

3305 

.64 

3130 

1.05 

13, 

3110 

.60 

3025 

1.06 

17, 

3050 

.59 

3370 

.88 

L8,  li». 

3350 

.65 

1.00* 
.81* 


.75 

.71 


♦Estimated, 

The  average  age  of  the  columns  when  tested  was  67  days- 
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cylindrical  surface.  The  variation  from  a  plane  was  in  some 
cases  as  much  as  i\  in.  The  blocks  from  the  second  shipment 
had  end  faces  more  nearly  plane.  The  variation  in  strength  of 
these  blocks  as  found  from  the  tests  of  individual  blocks  as  well 
as  in  the  column  tests  seems  to  be  due  to  the  form  of  the  bearing 
faces.  Other  comparisons  of  the  two  lots  of  blocks  show  them  to 
be  similar,  both  as  to  material  and  manufacture.  The  blocks 
from  which  the  1907  columns  were  made,  failed  in  the  compres- 
sion test  at  a  lower  load  apparently  on  account  of  the  non- uni- 
form distribution  of  the  load  over  the  section.  The  blocks  crushed 
first  at  the  high  points  of  the  ends,  and  complete  rupture  soon 
followed.      Fig.   9,   page  43,  shows  the  conditions  which  seem  to 


Bearing  B/oc/r 


Bearing      P/ofe 


,4 


3 

JJ1LLLLLL 


D 

c     <A 


/c 


Fig.  9. 


Distribution  of  Pressure  in  a  Column  Built  of 
Blocks  with  Curved  Ends. 


exist  in  a  column  built  of  the  1907  blocks.  The  amount  of  curva- 
ture in  the  faces  of  the  blocks  has  been  somewhat  exaggerated  in 
this  sketch.  Some  course  of  blocks  near  the  top  as  A  and  B, 
may   be   assumed   to  receive  a   uniformly   distributed  load   and 
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transmit  it  as  such  to  the  joint  below.  The  curvature  of  the  ends 
of  the  blocks  gives  a  variable  thickness  to  the  joint  below,  and  on 
account  of  the  greater  amount  of  yielding  in  the  thicker  part  of 
the  joint,  the  block  D  will  deliver  its  load  somewhat  concentrated 
at  d.  Similarly,  the  pressure  transmitted  downward  by  C  will  be 
greater  at  a  than  at  b  or  at  points  between.  This  change  in  the 
distribution  of  the  pressure  will  produce  a  horizontal  force  tend- 
ing to  open  the  vertical  cracks.  Likewise  any  concentration  of 
the  load  on  any  block  F  near  its  middle  accompanied  by  a  concen- 
tration of  the  supporting  pressure  below  at  points  near  its  ends 
will  tend  to  produce  cross  breaking  along  a  vertical  line.  It  is 
clear  that  the  conditions  described  would  become  intensified  as 
the  load  is  transmitted  to  each  lower  course,  until  the  middle  of 
the  column  is  reached.  This  explanation  of  the  distribution  of 
the  stresses  may  account  for  some  of  the  phenomena  of  these 
tests.  If  the  blocks  safely  resisted  the  stresses  tending  to  split 
them,  there  remained  the  danger  of  crushing  the  mortar  at  the 
corners  due  to  excessive  pressure  existing  there.  The  columns 
built  from  1907  blocks  failed  by  splitting  the  blocks  through  a 
longitudinal  joint  or  by  crushing  the  mortar  at  the  corners. 
Under  ordinary  conditions  the  mortar  should  carry  a  larger 
load  than  came  on  these  columns. 

None  of  the  columns  well  laid,  using  1908  blocks  and  1-3  mor- 
tar, failed  by  applying  a  central  load  up  to  the  capacity  of  the 
testing  machine.  It  is  estimated  from  the  character  of  the  load- 
deformation  curves  for  Columns  No.  8  and  No.  15  and  from  the 
strength  of  the  blocks,  that  these  columns  would  have  required  a 
load  of  about  4300  lb.  per  sq.  in.  to  cause  failure.  The  strength 
of  similar  columns  under  eccentric  load  also  points  to  the  same 
conclusion. 

Column  No.  12,  which  was  laid  up  hurriedly,  gave  results 
relatively  much  lower  than  have  been  found  in  the  tests  of  brick 
columns  under  similar  conditions.  Similar  columns  (No.  13  and 
No.  14)  which  were  loaded  eccentrically  gave  values  nearly  as 
large  as  No.  12.  The  strengths  of  the  poorly-laid  columns  under 
eccentric  load  seem  to  be  more  nearly  representative  than  the 
centrally  loaded  one. 

The  column  (No.  17)  laid  up  with  inferior  blocks  gave  values 
about  71  per  cent  of  the  estimated  strength  of  the  similar  columns 
built  of  better  blocks. 
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The  two  columns  (No.  18  and  No.  19)  built  of  1-5  portland 
cement  mortar  gave  results  about  22  per  cent  lower  than  the 
estimated  values  for  the  1-3  mortar  columns. 

21.  Load -deformation  Diagrams  for  Terra  Gotta  Block  Columns.  — 
Longitudinal  deformations  were  measured  on  all  the  terra  cotta 
block  columns  except  No.  3.  The  load-deformation  curves  have 
been  plotted  for  each  column  in  the  same  manner  as  was  described 
for  the  brick  columns.     In  some  cases  where  the  same  column 


TABLE  14. 

Comparison  op  Stresses  in  Eccentrically  Loaded  Terra  Cotta 

Block  Columns. 

Stresses  are  given  in  pounds  per  square  inch. 


Stresses  at  Inner  Face 
of  Column 

Stresses  at  Outer  Face 
of  Column 

Section  of  Column 

From 

Deformations 

From 
Formula 

From 
Deformations 

From 
Formula 

Column  No.  7                500 
1000 

500 

1000 

Column  No.   9             1500 

2000 

1125 
1940 

718 
1340 
1930 
2530 

900 
1700 
2350 
2950 

1010 
2025 

735 
1470 
2210 
2940 

735 

1470 
2210 
2940 

3680 

735 
1470 
2210 

200 
315 

252 

487 
603 

—12 

—25 

265 

530 

795 

1060 

500 

1000 

Column  No.  13             1500 

2000 

2500 

350 

680 

1060 

1400 

1700 

100 
250 
400 

265 

530 

795 

1060 

1225 

500 

Column  No.  15            1000 

1500 

750 
1500 
2500 

265 
530 
795 

Column  No.  7.     d  =  17.55  in.    e  =  3  in. 

Stresses  from  deformations  are  those  corresponding  to  the  first  application  of  a  previous 
central  load  on  the  same  column.  Stresses  from  formula  are  about  100 <h  more  or  less  than  the 
average  stress  across  the  section. 

Column  No.  9.    d  =  12. 75  in.    e  =  l  in. 

Stresses  from  deformations  were  computed  from  deformations  of  Columns  No.  8  and  15, 
for  first  application  of  central  load.  Stresses  from  formula  are  47$  more  or  less  than  the  aver- 
age. 

Column  No.  13.    d=  12.75  in.    e  =  lin. 

Stresses  from  deformations  were  computed  from  deformations  of  Columns  No.  12  and  14. 
Column  No.  15.    d  =  12.75  in.    e  =  lin. 

Stresses  from  deformations  were  computed  from  deformations  for  first  application  of 
central  load  on  Columns  No.  8  and  15. 
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Fig.  10. 


DEFORMATION   PER     UNIT  OF    LENGTH. 
Load-deformation  Diagrams  for  Concentrically  Loaded 
Terra  Cotta  Block  Columns. 
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was  loaded  in  different  ways  two  diagrams  are  given.  In  cases  of 
this  kind  the  form  of  the  curve  itself  is  sufficient  to  indicate  the 
nature  of  loading.  Load-deformation  diagrams  for  the  terra  cotta 
block  columns  are  given  in  Fig.  6,  page  32,  and  Fig.  10,  page  46. 

22.  Effect  of  Eccentric  Loading  of  Terra  Gotta  Block  Columns. — 
Four  of  the  terra  cotta  block  columns  were  loaded  eccentrically. 
The  amount  of  the  eccentricity  was  1  in.  in  each  case,  except 
Column  No.  7,  where  e  =  3  in.  Table  14  page  45,  gives  a  com- 
parison of  the  stresses  across  the  section  of  the  column  as  deter- 
mined by  two  methods  of  computation.  This  table  was  prepared 
in  the  way  described  for  Table  10  for  the  brick  columns.  The 
notes  following  the  table  give  in  detail  the  origin  of  the  values 
for  each  column. 

Column  No.  7  was  not  loaded  to  failure.  No.  15  failed  pre- 
maturely under  eccentric  load  due  to  the  breaking  of  the  bearing 
block  on  top  of  the  column  and  the  resulting  concentration  of  the 
load.  This  accounts  for  the  smaller  number  of  stresses  given  in 
the  comparisons  for  these  columns  in  Table  14. 

The  terra  cotta  block  columns  under  eccentric  load  exhibited 
phenomena  very  similar  to  those  observed  for  the  brick  columns. 
The  stresses  computed  from  deformations  agree  fairly  closely  in 
each  case  with  those  derived  from  theoretical  considerations 
based  on  the  measured  amount  of  the  eccentricity  of  the  load. 

23.  Effect  of  Repeated  Loads  on  Terra  Gotta  Block  Columns. — 
On  columns  No.  7,  8,  and  15,  the  maximum  load  that  could  be 
applied  with  the  testing  machine  was  applied  and  released  a  number 
of  times.  In  no  case  was  failure  produced  by  a  re- application 
of  the  load,  although  it  seems  evident  from  the  increasing 
amount  of  deformation  produced  by  the  maximum  load  and  the 
gradually  increasing  permanent  set  upon  release  of  the  load  on 
Column  No.  15  that  only  a  few  more  applications  of  this  load 
would  have  been  necessary  to  produce  failure.  The  maximum 
deformation  produced  in  Column  No.  15  (load- deformation  diagram 
for  repeated  load  not  given)  by  the  re-application  of  the  load  was 
0.00168.  The  great  increase  of  deformation  due  to  the  re-appli- 
cation of  these  high  loads  is  convincing  evidence  of  the  weaken- 
ing effect  of  such  loading.  This  column  was  later  loaded  eccen- 
trically, but  its  premature  failure  due  to  the  breaking  of  the  top 
bearing  block  prevented  any  independent  estimate  of  its  original 
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strength.  The  similarity  in  the  elastic  properties  of  Columns 
No.  8  and  No.  15  indicates  that  they  probably  would  have  carried 
nearly  the  same  loads  at  failure.  The  comparatively  low  unit 
loads  which  were  reapplied  to  Column  No.  7  produced  a  corre- 
spondingly increased  total  deformation  and  appreciable  set  upon 
release  of  the  load. 

C.      COMPARISON   OF   RESULTS. 

24.  Summary. — Both  brick  columns  and  terra  cotta  block 
columns  gave  high  strengths  in  all  cases  where  strong  mortar 
and  care  in  building  were  used.  For  central  loading,  the  strength 
of  the  brick  columns  ranged  from 3220  to  4110  lb.  per  sq.  in.,  and 
the  strength  of  the  terra  cotta  block  columns  from  2700  to  3790 
lb.  per  sq.  in. ,  the  columns  having  the  highest  resistance  not 
failing  at  the  full  capacity  of  the  machine.  The  effect  of  the 
strength  of  the  mortar  is  apparent  in  the  carrying  capacity 
developed  in  the  columns;  lower  loads  were  found  in  columns  built 
with  1-5  portland  cement  mortar  than  in  those  with  1-3  portland 
cement  mortar,  still  lower  loads  in  those  with  1-3  natural  cement 
mortar,  and  still  lower  loads  in  those  having  1-2  lime  mortar.  The 
effect  of  the  quality  of  the  brick  is  shown  in  the  columns  made  with 
inferior  brick,  which  carried  only  31  percent  as  much  as  columns 
built  with  the  better  grade  of  brick.  In  the  case  of  the  terra 
cotta  columns,  the  blocks  which  were  culled  out  as  somewhat 
inferior  gave  a  column  strength  perhaps  30  per  cent  less  than 
the  columns  built  with  superior  blocks.  The  effect  of  the 
attempt  to  represent  hurried  or  careless  workmanship  in  two 
brick  columns  and  in  three  terra  cotta  block  columns  was  a  loss 
in  strength  of  about  15  per  cent  and  25  per  cent,  respectively. 

The  ratio  of  the  strength  of  the  columns  to  the  compressive 
strength  of  the  individual  brick  and  block  is  of  interest.  In  the 
well-built  brick  columns  loaded  centrally,  the  ratio  of  strength  of 
column  to  compressive  strength  of  individual  brick  ranged  from 
0.31  to  0.37,  and  in  the  underburned  clay  brick  column  the 
ratio  was  0.27.  In  the  terra  cotta  block  columns  with  central 
loading  the  ratio  of  strength  of  column  to  that  of  individual  block 
was  0.74  for  the  incompleted  best  and  0.83,  0.85,  and  0.89  for  the 
others.  If,  as  seems  to  be  the  case,  the  strength  of  the  brick  or 
block  to  resist  cross-  break  in; g  is    an   element  in  determining  the 
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strength  of  the  built-up  column,  a  deeper  or  thicker  brick  would 
give  higher  column  strength.  It  is  possible  that  this  partially 
accounts  for  the  fact  that  the  ratio  is  found  to  be  higher  for  terra 
cotta  block  columns  than  for  brick  columns.  The  tests  suggest 
that  the  ability  of  individual  pieces  to  resist  transverse  strength 
is  an  important  element  in  the  strength  of  the  completed  column. 
This  suggestion  may  have  an  important  bearing  on  the  advan- 
tageous size  of  the  component  blocks  which  may  be  used  in  a 
compression  piece  where  high  strength  is  desired. 

The  strength  of  the  column  is  greater  than  the  strength  of  the 
mortar  cubes  in  both  brick  and  terra  cotta  block  columns,  except- 
ing only  the  soft  brick  columns  which  had  brick  of  low  compressive 
strength.  It  is  evident  that  the  strength  of  individual  brick  or 
blocks  and  the  strength  of  the  mortar  both  enter  into  the  resist- 
ance of  the  column.  The  relative  effect  of  the  two  depends  upon 
the  character  of  the  material.  It  is  evident,  however,  that  the 
better  the  individual  piece  the  more  important  it  is  to  have  a 
mortar  of  high  resisting  strength. 

The  results  obtained  in  applying  the  load  eccentrically  were 
found  to  agree  very  well  with  those  obtained  from  ordinary 
analysis.  When  the  amount  of  eccentricity  in  the  application  of 
the  load  is  known  or  may  be  estimated  closely,  the  ability  of  the 
column  to  resist  this  action  may  be  calculated  quite  closely.  It  is 
apparent  from  the  results  that  the  calculated  resisting  stress  in 
the  column  on  the  side  of  maximum  compression  is  higher  than 
that  which  causes  failure  in  centrally  loaded  columns.  The  higher 
stress  developed  with  eccentric  loading  is  probably  due  to  the 
influence  of  the  restraint  of  the  less  stressed  interior  portion. 
The  tests  made  by  applying  and  releasing  a  single  load  a  number 
of  times  gave  failures  at  loads  below  those  which  produced  failure 
in  similar  columns  at  a  single  application  of  the  load.  The  phe- 
nomenon is  common  in  materials  of  the  nature  of  brick  and  terra 
cotta. 

It  is  apparent  that  the  quality  of  workmanship  in  laying  up 
such  columns  has  an  important  bearing  upon  the  resisting  strength. 
The  work  of  building  columns,  however,  is  not  difficult  and 
requires  only  ordinary  care.  Full  joints  and  an  even  bearing  are 
important,  and  the  ordinary  workman  ought  to  be  able  to  con- 
struct columns  of  high  strength.     In  the   tests  made  on   columns 
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intended  to  represent  poor  or  careless  workmanship,  the  decrease 
in  strength  was  not  as  much  as  anticipated.  However,  it  must  be 
understood  that  careful  and  trustworthy  work  is  essential  and 
that  a  few  poor  joints  will  materially  reduce  the  strength  of  the 
structure.  Wherever  good  material  and  good  workmanship  are 
insured  the  strength  of  masonry  of  this  kind  may  be  utilized  with 
advantage. 
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I.   Introduction. 

1.  Preliminary. — It  is  thought  that  the  tests  here  described 
will  be  of  interest  because  the  reinforced  concrete  beams  were 
chosen  almost  at  random  from  a  large  number  of  beams  made  up 
for  use  in  a  railroad  structure  and  thus  may  be  considered  to  be 
representative  of  actual  conditions  of  construction,  and  because 
the  tests  give  a  comparison  of  the  efficiency  of  two  methods  of 
placing  the  reinforcement  to  resist  diagonal  tension  or  so-called 
shear  failure.  In  the  minds  of  some  engineers  test  beams  made 
up  in  laboratories  differ  so  much  in  make-up  and  properties  from 
the  work  found  in  practical  reinforced  concrete  construction 
that  the  results  and  the  conclusions  drawn  therefrom  are  not  appli- 
cable to  actual  construction.  Conservative  engineers  may  have 
felt  that  there  is  some  basis  for  doubt  in  massive  construction, 
since  the  difference  in  size  is  considerable  and  since  the  methods 
of  mixing  and  fabrication  are  quite  unlike  those  used  in  laboratory 
work.  The  construction  of  large  reinforced  concrete  floor 
slabs  for  use  in  the  Grand  Crossing  track  elevation  construction  of 
the  Illinois  Central  Railroad,  perhaps  one  of  the  most  important 
pieces  of  reinforced  concrete  construction  of  the  kind  yet  under- 
taken, gave  an  opportunity  to  get  results  of  value;  and  the 
tests  were  undertaken  through  the  co-operation  of  the  Engi- 
neering Experiment  Station  of  the  University  of  Illinois  and 
the  Department  of  Bridges  and  Buildings  of  the  Illinois  Central 
Railroad  with  a  view  of  determining  the  properties  of  large  beams 
made  under  practical  conditions  of  construction.  The  beams 
were  perhaps  the  largest  reinforced  concrete  beams  yet  tested, 
and  the  testing  apparatus  used  and  the  method  of  making  the  test 
involved  some  novel  features. 

The  beams  were  in  the  form  of  slabs,  25  ft.  long,  6  ft.  3  in. 
wide,  and  34  in.  deep  at  the  middle,  and  weighed  about  33  tons 
each.  They  were  built  for  use  in  the  bridge  floor  over  subways. 
The  slabs  span  the  distance  from  the  curb  to  the  center  of  the 
street  pavement  (shorter  and  smaller  slabs  spanning  the  sidewalk 
space)  making  a  floor  over  the  street  upon  which  the  ballast  is 
spread  and  the  track  laid  for  the  eight  track  railroad.  The  slabs 
were  built  in  the  yards  of  the  Illinois  Central  Railroad  near  Twenty- 
seventh  St. ,  Chicago,  and  were  to  be  left  where  made  until  ready 
for  transportation  to  their  destination,  some  seven  miles  away. 
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119  of  these  slabs  were  made  and  also  109  smaller  ones.     The  test 
was  made   close  to   the   spot  where  the  slabs  were  built. 

2.  Loading. — In  the  design  of  the  slabs  the  Illinois  Central 
Railroad  used  their  standard  typical  loading  of  two  188.75-ton 
engines  followed  by  a  uniform  load  of  6000  lb.  per  lin.  ft.  of  track, 
with  tracks  12  ft.  6  in.  center  to  center.  The  design  also  contem- 
plates the  placing  of  tracks  in  any  position  on  the  slabs  laterally. 
The  tracks  cross  the  slabs  on  a  skew,  the  angle  with  the  axis  of 
the  slab  being  10°  26 ' .  The  distance  from  top  of  the  slabs  to  base 
of  rail  was  first  planned  to  be  12  inches  over  the  thicker  portion 
of  the  slab,  but  later  this  was  increased  somewhat.     The  bearing 
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Loads  are  given  in  1000-lb.  units  for  one  rail. 
Fig.  1.    Typical  Engine  Loading. 


of  the  slab  on  the  supporting  cross  beams  at  either  end  is  1  ft.  6 
in. ,  so  that  the  distance  from  center  to  center  of  supports  is  23  ft. 
6  in.  The  maximum  bending  moment  and  the  maximum  shear 
will  be  developed  by  the  driver  wheel  loads.  Fig.  1  gives  the 
loads  and  spacing  of  the  typical  engine.  Although  no  exact  com- 
parison may  be  made,  computation  will  show  that  a  test  load 
placed  at  the  one- third  points  of  the  span  length  will  develop  a 
bending  moment  somewhat  greater  than  the  same  load  placed  at 
the  driver  spacing,  and  that,  although  the  shear  developed  as  one 
driver  approaches  the  support  may  be  somewhat  greater  than 
that  found  in  the  method  of  the  test,  the  greater  diagonal  tension 
resistance  in  a  reinforced  concrete  beam  close  to  the  supports  as 
known  from  other  tests,  indicates  that  the  one-third  point  load- 
ing is  as  severe  or  more  severe  a  test  for  diagonal  tension  resist- 
ance than  will  be  found  with  the  engine  spacing  of  the  load.  It 
was  therefore  concluded  that  the  usual  test  method  of  placing  the 
load  equally  at  the  one-third  points  of  the  span  length  would  give 
results  comparable  with  the  distribution  of  the  load  which  the  slab 
is  designed  to  receive. 

3.     Acknowledgment.  —Mr.  A.  S.   Baldwin  is  Chief  Engineer 
of  the  Illinois  Central  Railroad.     Mr.  R.  E.  Gaut  is  Engineer  of 
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Bridges  and  Buildings,  and  Mr.  P.  L.  Thompson  is  Assistant 
Engineer  of  Bridges  and  is  in  charge  of  the  Grand  Crossing  track 
elevation  work.  To  them,  and  to  Mr.  C.  Chandler,  Chief  Drafts- 
man in  the  Department  of  Bridges  and  Buildings,  acknowledg- 
ment is  due  for  facilities  afforded  and  assistance  and  suggestions 
given  in  carrying  out  the  tests.  Credit  is  also  due  Messrs.  D.  A. 
Abrams  and  W.  R.  Robinson  of  the  University  of  Illinois 
Engineering  Experiment  Station  for  efficient  aid  in  the  work. 

II.     Slabs  and  Methods  of  Testing. 

4.  Materials. — The  information  and  data  on  the  materials 
used  and  the  methods  of  fabrication  were  furnished  by  Mr.  Gaut 
of  the  Illinois  Central  Railroad,  and  as  there  was  no  thought  of 
needing  results  for  test  discussion,  no  special  measurements  or 
analyses  were  made, only  the  attention  usual  in  well- made  construc- 
tion work  being  given.  The  sand  was  torpedo  sand  of  good  quality 
from  Merom,  Indiana.  The  stone  was  unscreened  crushed  lime- 
stone from  Chicago,  the  largest  size  being  two  inches.  The 
cement  was  Owl  Portland  cement  manufactured  by  the  German- 
American  Portland  Cement  Co.  Tests  of  the  cement  gave  a  ten- 
sile strength  of  822  lb.  per  sq.  in.  for  the  7 -day  neat  test;  95.2 
per  cent  passed  the  No.  100  sieve. 

The  main  longitudinal  reinforcing  bars  were  1-in.  square 
corrugated  bars,  new  style.  Tests  made  by  Robert  W.  Hunt  &  Co. 
of  the  bars  used  in  this  work  show  an  elastic  limit  varying 
between  51  260  and  52  770  lb.  per  sq.  in.  The  i-in.  bars  used  in  the 
top  longitudinal  reinforcement  were  cup  bars.  Tests  showed 
these  to  have  an  elastic  limit  ranging  from  45  800  to  51 1001b.  per 
sq.  in.     The  stirrups  were  i-in.  cup  bars. 

5.  The  Slab  and  its  Reinforcement. — The  general  size  of  the 
slab  was  6  ft.  3  in.  breadth  by  25  ft.  length.  One- half  of  the 
length  had  a  general  thickness  of  34  in. ,  and  the  other  one-half 
sloped  from  the  middle  to  a  thickness  of  31  in.  at  the  end.  This 
difference  in  thickness  was  for  the  purpose  of  facilitating  drain- 
age. In  addition  to  the  thickness  just  mentioned  there  was  an 
additional  inch  at  the  bottom  at  either  end  for  a  distance  of  18  in. , 
the  width  of  the  bearing  area.  This  arrangement  permits  a  bet- 
ter appearing  joint  at  the  supports.  Pig.  2  gives  the  dimensions 
of  the  slabs.  The  estimated  weight  of  one  of  the  slabs  is  33 
tons. 
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The  longitudinal  reinforcement  was  placed  with  the  lower 
face  of  the  bar  3  in.  from  the  bottom  surface  of  the  slab.  This 
makes  the  distance  from  the  center  of  the  reinforcing  bars  to  the 
top  of  the  slab  at  the  middle  30i  in.  Although  the  depth  to  steel  is  less 
than  this  for  one-half  of  the  beam,  the  maximum  bending  moment 
is  at  the  middle,  and  30i  in.  will  be  used  in  the  calculations,  both 
in  calculating  the  resisting  moment  and  in  calculating  the  shear- 
ing stresses.  This  is  admissible  in  the  latter  case  because  of  the 
slope  of  the  upper  surface.  Twenty-nine  1-in.  bars  were  used  in 
each  slab,  the  spacing  being  2i-in.  centers  and  2i  in.  from  the  lat- 
eral faces.  Counting  the  depth  to  the  center  of  the  steel  as  30i 
in.,  the  reinforcement  amounts  to  1.27%. 

Two  methods  of  placing  the  reinforcement  and  providing 
against  diagonal  tension  were  used.  In  No.  70  no  stirrups  were 
used  and  the  bars  were  bent  up  at  an  angle  of  about  45°  rather 
close  to  the  end,  as  shown  in  Fig.  2.  The  bend  for  one-fourth  of 
them  started  at  about  2  ft.  from  the  end,  for  another  one-fourth 
at  3  ft.  ,'for  another  one-fourth  at  4  ft.,  while  the  remaining  bars 
were  straight  throughout  the  length  of  the  slab.  No.  70  was  the 
last  slab  made  in  this  way.  In  the  slabs  made  after  No.  70  (in- 
cluding No.  71  and  No.  72)  stirrups  were  used  and  the  bars  were 
bent  up  farther  back  from  the  end  and  less  abruptly,  giving  a 
better  distribution  of  the  reinforcement  (see  Fig.  2).  In  one- 
fourth  of  the  bars  the  inclination  started  at  a  point  6  ft.  from  the 
end,  in  one-fourth  at  4  ft.  from  the  end,  and  in  one-fourth  at  2  ft. 
from  the  end,  while  as  before  the  remainder  of  the  bars  were  hori- 
zontal. In  these  slabs  U-shaped  stirrups,  made  of  i-in.  cup  bars, 
were  placed  vertically  at  distances  of  2i  ft. ,  4  f t. ,  5i  ft.  and  7  ft. 
from  the  ends  of  the  slabs.  Each  stirrup  passed  under  and  included 
5  reinforcing  bars  and  reached  nearly  to  the  top  of  the  slab.  In 
addition  to  the  main  reinforcing  bars,  4  i-in.  cup  bars  were  placed 
longitudinally  3  in.  from  the  top  of  the  slab,  and  transversely 
across  the  slab  just  above  these  were  12  i-in.  and  6  1-in.  bars, 
while  transversely  across  the  bottom  face  just  above  the  longi- 
tudinal reinforcement  were  21  i-in.  bars.  As  the  top  reinforce- 
ment is  only  one  twenty -fifth  of  one  per  cent  it  is  not  considered 
in  the  calculations  of  neutral  axis  position  or  of  compressive 
stress  in  the  concrete. 

At  the  middle  of  the  width  of  the  slab  and  2  ft.  6  in.  from  either 
end,  heavy  steel  stirrups  were  anchored  in  the  concrete.     These 
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were  designed  to  receive  the  device  by  which  the  slabs  were  lifted 
and  placed. 

6.  Composition  and  Fabrication. — The  proportions  of  the  con- 
crete were  1  cement,  2  sand,  and  5  broken  stone.  The  concrete 
was  mixed  in  a  No.  2  Smith  machine  mixer.  There  was  no  meas- 
urement of  the  amount  of  water  used,  but  the  concrete  was  mixed 
so  wet  that  little  or  no  tamping  was  required,  or  even  feasible. 
The  forms  were  strong  and  substantial  and  were  well  braced .  The 
main  longitudinal  reinforcement  was  carefully  placed  and  held 
by  wires  and  blocks  until  the  concrete  was  in  place.  The  stirrups 
were  held  likewise.  It  is  probable  that  more  mortar  was  used  in 
space  below  the  bars  on  account  of  the  difficulty  in  working  around 
the  bars,  but  there  was  no  attempt  made  to  vary  the  mixture  in 
the  slabs.  The  concrete  was  well  spaded  and  stirred,  especially 
around  the  reinforcing  bars. 

7.  Storage  and  Age. — The  slabs  were  left  where  made,  exposed 
to  the  weather,  from  the  time  of  fabrication  until  tested.  The 
sides  of  the  forms  were  removed  after  48  hours.  No.  70  wus  made 
Oct.  7  and  No.  71  and  No.  72  Oct.  8,  1907.  The  test  of  No.  70  was 
made  April  15,  and  of  No.  72  April  28, 1908.  No.  71  was  used  in 
both  tests.  The  slabs  were  therefore  more  than  six  months  old. 
On  account  of  the  temperatures  prevailing  during  the  winter,  the 
setting  of  the  concrete  during  much  of  the  time  must  have  been 
slow,  and  the  conditions  were  probably  less  favorable  for  harden- 
ing than  is  the  case  in  ordinary  90-day  laboratory  tests. 

8.  Testing  Apparatus. — Two  slabs  were  tested  against  each 
other,  the  load  being  applied  by  hydraulic  jacks.  Fig.  3  shows 
the  arrangement  for  testing.  The  lower  of  the  two  slabs  was 
turned  upside  down  and  the  second  slab  was  placed  above  it,  with 
bearing  timbers  between  them  at  the  ends.  Two  yokes  were 
placed  at  the  one- third  points  of  the  span  length  and  four  hydrau- 
lic jacks  acting  on  the  yokes  supplied  the  load  which  forced  the 
slabs  together.  The  diagram  (Fig.  3)  and  the  photographs  (Fig. 
4  and  5)  will  assist  in  understanding  the  method  of  making  the 
test.  On  account  of  the  weight  and  size  of  the  slabs  and  the  great 
pressures  developed,  the  usual  devices  and  appliances  of  the  test- 
ing laboratory  could  not  be  used.  To  overcome  the  natural 
unevenness  of  the  slab,  timber  bearing  plates — selected  with  a  view 
to  uniform  quality — were  used,  and  the  considerable  compression 
developed  in  these  timbers  permitted  a  good  adjustment  of  the 
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load  and  pressures  across  the  width  of  the  slabs.  The  lower  slab 
was  supported  on  12xl2-in.  timbers  placed  tranversely  across  the 
slab  at  about  4  ft.  from  the  ends.  At  either  end  a  12xl2-in.  oak 
timber  was  placed  across  the  slab,  the  distance  from  center  to 
center,   23  ft.  6  in. ,  being  considered  the  span  length  in  the  test. 


Fig.  3.    Areangement  of  Test  Apparatus. 

The  other  slab  was  then  placed  right  side  up  on  top  of  these  bear- 
ing timbers.  The  timbers  were  bedded  in  plaster  of  paris  above 
and  below  in  order  to  overcome  small  irregularities  in  the  surface 
of  the  slabs.  At  the  one-third  points  of  the  span  length  7xl6-in. 
yellow  pine  timbers  were  placed  on  top  of  the  upper  slab  and  also 
on  the  under  side  of  the  lower  slab,  and  bedded  in  the  same  man- 
ner. Two  24-in.  steel  girders  were  placed  at  each  one-third  point 
on  top  of  the  timbers  of  the  upper  slab,  and  similar  steel  girders 
at  the  corresponding  points  below.  These  girders  were  discarded 
bridge  beams  made  up  of  plates  and  angles  and  were  stiff  enough 
to  give  but  slight  deflection  under  the  maximum  load  used.  Six- 
teen wrought- iron  rods  (four  rods  at  each  of  the  four  points)  and 
thick  cast-iron  blocks  were  used  to  complete  the  connection.  The 
hydraulic  jacks  were  placed  between  the  upper  girders  and  the 
upper  cast-iron  blocks.  The  jacks  used  were  of  a  nominal  capa- 
city  of   100   tons   each.     The   jacks  had  individual  pumps  and 
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Fig.  4.     View  Showing  Slabs  and  Testing  Apparatus  in  Place. 
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Fig.  5.    General  View  before  Test. 
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gauges.  The  jacks  and  gauges  had  previously  been  calibrated 
and  the  loads  given  in  the  tables  include  the  necessary  correc- 
tions. The  load  was  applied  in  varying  increments,  but  the 
amount  was  kept  equally  divided  among  the  four  jacks.  The 
timber  bearing  plates  gave  a  good  distribution  of  the  load  over 
the  full  width  of  the  slab  and  it  seems  sufficiently  accurate  to  con- 
sider the  distance  from  center  to  center  of  the  supports  as  the 
span  length  of  the  beam. 

It  will  be  recognized  that  their  great  weight  made  the  placing 
of  the  slabs  a  considerable  undertaking.  They  were  handled  by 
means  of  a  derrick  car  of  100  tons  capacity  and  although  this  was 
the  first  experience  of  the  men  in  handling  the  slabs,  they  did  the 
work  easily  and  satisfactorily.  In  lifting  slab  No.  71,  however, 
the  great  weight  on  one  rail  caused  one  side  of  the  temporary 
track  to  settle  considerably,  and,  to  prevent  possible  overturning 
of  the  car,  the  hoisting  cable  was  slackened  suddenly  and  the 
slab  was  dropped,  falling  four  feet  and  striking  on  a  pile  of  stone 
and  against  a  rail.  One  corner  of  the  slab  was  cracked,  but  so 
far  as  the  tests  show  no  other  injury  was  done. 

In  the  first  test  calipers  were  the  only  auxiliary  measuring 
appliances  used.  In  the  second  test  the  deflections  of  the 
beams  were  measured  at  mid-depth  on  either  side  by  the  usual 
thread- scale -mirror  apparatus,  giving  readings  accurate  to  within 
0.01  in.  An  extensometer  device  for  measuring  longitudinal 
deformations  similar  to  that  used  on  test  beams  in  the  laboratory 
(see  Bulletin  No.  4  for  description)  was  used  in  the  test  of  No.  72. 
The  gauged  length  was  50  in.  The  lower  contact  point  was  placed 
2  in.  above  the  bottom  of  the  slab,  the  second  contact  point  28  in. 
above  this,  the  upper  extensometer  40  in.  above,  and  the  lower 
extensometer  10  in.  below  this  lower  contact  point.  This  meas- 
uring apparatus  was  generally  satisfactory,  but  for  some  reason 
there  seems  to  have  been  a  slip  of  the  instruments  during  the 
test,  as  is  discussed  in  a  later  article.  A  set  of  extensometers 
made  up  of  Ames  dials  was  placed  on  the  lower  slab,  but  these 
instruments  are  not  suited  to  the  purpose  and  did  not  prove  satis- 
factory. A  novel  feature  of  the  test  was  the  use  of  extensom- 
eters to  measure  the  deformations  developed  in  a  vertical  direc- 
tion. The  position  of  these  instruments  is  shown  in  the  view 
given  in  Pig.  5,  p.  10.  The  readings  are  useful  in  determining 
the  load  at  which  the  vertical  stirrups  are  brought  into  action. 


12 


ILLINOIS   ENGINEERING   EXPERIMENT    STATION 


9.  Method  of  Testing. — The  test  required  the  services  of  a 
number  of  men.  The  four  jacks  were  operated  by  eight  men  with 
three  more  to  direct  their  work  and  record  the  loads.     In  the  test 

TABLE  1. 

Test  Data  of  ^o.  TO  and  No.  71. 

Tested  April  15,  1908. 

The  applied  load  includes  the  weight  of  the  testing  appliances  but  not 

the  weight  of  the  slab  itself.      The  notes  regarding 

cracks  refer  to  No.  70. 


Sum  of  Center 

Ref. 

No. 

Applied 

Load 

pounds 

Deflections 

of  No.  70  and  71 

inches 

Remarks. 

E.  Side 

W.Side 

0 

25  000 

0.00 

0.00 

This  load  is  used  as  the  weight  of  test- 
ing apparatus  and  men  plus  the  ini- 
tial tension  in  the  wrought-iron  rods. 

1 

79  000 

0.01 

0.01 

2 

113  000 

0.05 

0.03 

3 

140  000 

0.07 

0.03 

4 

174  000 

0.12 

0.08 

5 

202  000 

0.17 

0.14 

6 

230  000 

0.19 

0.16 

7 

261  000 

0.19 

0.21 

8 

299  000 

0.24 

0.28 

9 

333  000 

0.36 

0.33 

First  tension  crack  noted  in  No.  70. 

10 

364  000 

0.37 

0.40 

Small  tension  crack  at  north  load  point. 

11 

396  000 

0.44 

0.46 

12 

432  000 

0.47 

0.53 

Second  tension  crack  near  center  of  top 

slab. 
First  diagonal  crack  outside  north  load. 

13 

468  000 

0.57 

0.60 

14 

496  000 

0.63 

0.69 

Numerous  small  tension  cracks. 

15 

532  000 

0.65 

0.77 

16 

561  000 

0.78 

0.83 

17 

593  000 

0.85 

0.90 

First  diagonal  crack  lengthening  rap- 
idly and  becoming  more  marked. 

18 

626  000 

0.98 

1.04 

Cracking  along  the  steel  at  south  end. 

19 

661  000 

1.06 

1.08 

20 

693  000 

1.11 

1.21 

In  the  interval  after  48S  000  lb.  other 
diagonal  cracks  appeared  near  the 
first  one. 

21 

734  000 

1.24 

1.30 

First  diagonal  crack  opening  wide. 

22 

768  000 

1.34 

1.45 

23 

801  000 

1.60 

1.72 

Failed  suddenly  along  first  diagonal 
crack,  which  reached  top  just  in.side 
the  load  point. 

of  No.  72  three  observers  and  one  recorder  were  stationed  on 
either  side  of  the  beam  and  there  were  two  men  to  examine  it  for 
cracks  and  to  trace  and  mark  their  progress.     The  loads  wore 
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applied  in  varying  increments,  but  the  amount  was  kept  nearly 
equally  divided  among  the  four  jacks.  The  test  was  carried  on 
without  releasing  the  load.  There  was  no  difficulty  in  holding 
the  load  so  as  to  maintain  a  constant  reading  on  the  gauges  while 
measurements  were  being  taken.  In  general,  it  may  be  said  that 
the  action  of  the  jacks,  the  uniformity  of  the  results,  and  other 
circumstances  connected  with  the  test  indicate  that  the  testing 
apparatus  was  trustworthy  within  the  limits  which  may  be  con- 
sidered necessary  for  the  purpose  of  the  test. 


III.   Experimental  Data  and  Discussion. 

10.  Tables  and  Diagrams. — Table  1  and  Pig.  6  give  the  com- 
bined deflections  of  No.  70  and  No.  71.  The  high  wind  prevail- 
ing at  the  time  of  the  test  made  it  impracticable  to  use  the 
apparatus  provided  and  the  deflections  measured  were  the  sum  of 
the  center  deflections  of  the  upper  and  lower  beams.  It  seems 
probable  that  the  individual  deflections  of  the  slabs  were  nearly 
the  same  except  near  the  end  of  the  test.  Table  2  gives  data  of 
No.  72  and  Table  3  gives  values  calculated  from  these  data.  The 
column  headed  "Stress  in  Steel  from  Deformation"  is  obtained  by 
multiplying  the  deformation  of  the  steel  determined  from  the 
extensometer  reading  by  30  000  000.  The  discussion  of  the  trust- 
worthiness of  these  readings  given  in  a  later  paragraph  indicates 
that  these  values  are  somewhat  higher  than  they  should  be.  The 
column  headed  "From  Bending  Moment"  is  calculated  by  equat- 
ing the  bending  moment  due  to  the  applied  load  and  the  approx- 
imate value  for  the  resisting  moment,  0.87  Afd,  where  A  is  the 
area  of  the  reinforcing  bars  in  square  inches,  d  is  the  distance 
from  the  top  of  the  slab  to  the  center  of  the  steel,  here  called  30i 
in.,  and  /  is  the  stress  in  the  steel  in  pounds  per  square  inch. 
This  calculation  does  not  include  the  weight  of  the  beam.  In 
comparing  the  values  in  the  last  two  columns  it  should  be  remem- 
bered that  the  extensometer  readings  really  started  from  a  load  of 
25  000  lb. ,  since  a  load  equal  to  this  was  upon  the  slabs  at  the 
initial  reading  of  the  instruments.  The  reference  numbers  in 
Tables  2  and  3  refer  to  those  marked  on  the  beams  during  the 
progress  of  the  test.     These  numbers  are  shown  on  some  of  the 
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photographs.  In  Fig.  7  the  deformations  and  deflections  of  No. 
72  are  plotted.  Fig.  10  gives  the  vertical  deformations  for  No. 
72  and  Fig.  11  for  No.  71.  Table  5  gives  miscellaneous  calculated 
values. 

11.     Phenomena  of  the  Tests. — As  is  usual  in  such  tests,  min- 
ute vertical  cracks  became  visible  in  the  concrete  on  the  tension 
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Fig.  6.  Sum  of  Centkr  Deflections  of  No.  to  and  No.  71. 
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TABLE  2. 

Test  Data  of  No.  72. 

Tested  April  28,  1908. 

The   applied   load  includes  the  weight  of  the  testing  appliances  but 
not  the  weight  of  the  slab  itself. 


Aver- 

Average 

Vertical 

Applied 
Load 

age 
Deflec- 

Extensometer 

Extensometer 

Ref. 
No. 

Readings 

Readings 

Remarks 

pounds 

tion 
inches 

inches 

inches 

Top     |Bottom 

South 

North 

0 

25  000* 

0.00 

.000 

.000 

.0000 

.0000 

The  "Average  Ex- 
tensometer Read- 
ings"are  for  a  gauge 
distance  of  50  in. 

1 

45  000 

0.00 

.000 

.000 

.0000 

.0000 

2 

67  000 

0.01 

.001 

.001 

-.0001 

.0000 

3 

103  000 

0.02 

.004 

.004 

—  .0001 

—  .0003 

4 

131  000 

0.03 

.006 

.006 

—  .0001 

—  .0002 

5 

159  000 

0.05 

.008 

.010 

—  .0002 

—  .0003 

Short  tension  crack 
just  inside  south 
load  point. 

6 

189  000 

0.10 

.011 

.016 

—  .0002 

—  .0002 

Numerous  tension 
cracks. 

7 

220  000 

0.11 

.015 

.023 

—.0002 

—  .0002 

Vertical  cracks  just 
outside  each  load 
point. 

8 

253  000 

0.13 

.017 

.030 

—  .0002 

+  .0002 

9 

285  000 

0.17 

.019 

.037 

—  .0003 

+  .0004 

10 

317  000 

0.18 

.021 

.044 

—  .0004 

+  .0003 

More  cracks  outside 
of  load  points. 

11 

350  000 

0.24 

.024 

.050 

—  .0005 

+  .0002 

12 

382  000 

0.28 

.028 

.057 

—  .0006 

.0000 

13 

414  000 

0.31 

.032 

.064 

—  .0004 

+  .0003 

14 

447  000 

0.36 

.037 

.070 

—  .0001 

+  .0011 

Marked  diagonal 
cracks. 

15 

500  000 

0.40 

.043 

.075 

.0000 

+  .0014 

16 

514  000 

0.43 

.046 

.081 

+  .0007 

+  .0021 

17 

578  000 

0.52 

.053 

.094 

+  .0023 

+  .0045 

18 

643  000 

0.61 

.062 

.107 

+  .0047 

+  .0079 

19 

704  000 

0.70 

.071 

.122 

+  .0083 

+  .0119 

20 

780  000 

0.88 

.084 

.156 

+  .0138 

+  .0152 

21 

811  000 

1.32 

.132 

.270 

+  .0170 

+  .0181 

Tension  cracks  open- 
ing wide. 

22 

840  000 

1.60 

Maximum  load.   Ten- 

sion failure. 

*This  load  of  25  000  lb.  is  assumed  as  the  weight  of  testing  apparatus  and  men  and  the  ini- 
tial tension  of  rods.  After  jacks  were  in  operation  all  but  9000  lb.  was  indicated  by  readings  of 
the  gauges. 
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side  of  the  beam  between  the  load  points  as  the  load  was  applied 
and  on  the  outside  of  the  load  points  at  higher  loads.  These 
cracks  grew  in  length  and  became  more  marked  as  the  load  was 
increased.  In  the  first  test  (No.  70  and  71  together),  in  which  the 
beams  did  not  fail  by  the  reinforcing  steel  stretching  up  to  the 
yield  point,  these  cracks  closed  upon  the  release  of  the  load  to 
such  an  extent  as  to  be  scarcely  detectable.  In  No.  70  (not  white- 
washed) the  first  tension  crack  was  noted  at  an  applied  load  of 
333  000  lb.  and  numerous  tension  cracks  at  496  000  lb.  In  No.  72 
(whitewashed  surfaces)  the  first  tension  crack  was  noted  at  159  000 
lb.  and  numerous  tension  cracks  at  189  000  lb.      It  will  be  seen 

TABLE  3. 

Results  of  Tests  of  No.  72. 

The  applied  load  includes  the   weight  of  the   testing  appliances  but  nob 
the  weight  of  the  slab  itself. 


Ref. 

Applied 

Load 

pounds 

Average 
Deflec- 
tion 
inches 

k  of 

Neutral 
Axis 

Unit  Deformation 

Stress  in  Steel* 
lb.  per  sq.  in. 

No. 

At  Steel 

At  Top 

Fiber 

From 
Deforma- 

From 
Bending 

tion 

Moment 

0 

25  000 

0.00 

.000 

.00000 

.00000 

1  500 

1 

45  000 

2  700 

2 

07  000 

0.01 

.549 

.00001 

.00001 

300 

4  100 

3 

103  000 

0.C2 

.549 

.00004 

.00005 

1  200 

6  300 

4 

131  000 

0.03 

.549 

.00007 

.00008 

2  100 

8  000 

5 

159  000 

0.05 

.459 

.00012 

.00010 

3  600 

9  700 

6 

189  000 

0.10 

.392 

.00020 

.00013 

6  000 

11  500 

7 

220  000 

0.11 

.379 

.00025 

.00018 

7  500 

13  400 

8 

253  000 

0.13 

.326 

.00035 

.00019 

10  500 

15  300 

9 

285  ooo 

0.17 

■289 

.00049 

.00020 

14  700 

17  400 

10 

317  000 

0.18 

.263 

.00059 

.00021 

17  700 

19  300 

11 

350  000 

0.24 

.265 

.00067 

.00024 

20  100 

21  400 

12 

382  000 

0.28 

.273 

.00077 

.00029 

23  100 

23  300 

13 

414  000 

0.31 

.280 

.00086 

.00033 

25  800 

25  300 

L4 

447  000 

0.30 

.300 

.00093 

.00040 

27  ooo 

27  300 

15 

4S0  000 

0.40 

.330 

.00098 

.00048 

29  400 

29  300 

16 

51 \   000 

0.43 

.326 

.00106 

.00051 

31  800 

31  400 

17 

578  000 

0.52 

.324 

.00123 

.o^m 

36  900 

35  300 

18 

043  000 

0.61 

.334 

.ooMO 

.00070 

42  000 

39  300 

19 

To!  ooo 

0.70 

.335 

.00159 

.00080 

4  7  7O0 

42  \^ 

20 

780  000 

0.88 

.306 

.00204 

.00096 

61  200 

47  600 

21 

811  000 

L.32 

.271 

.00360 

.00132 

108  000 

49  600 

22 

840  000 

1.60 

♦Add  8800  lb.  per  sq.  in.  for  stress  due  to  weight  of  slab. 
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from  the  photographs  (see  views  in  frontispiece)  that  some  of 
these  minute  cracks  reached  points  12  inches  from  the  top  of  the 
slab  before  the  reinforcement  was  stressed  to  its  yield  point. 
Even  when  they  had  thus  grown,  their  width  at  the  bottom  was 
minute. 
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UN/T     DEFORMATION 
Fig.  7.    Load-deformation  and  Deflection  Diagram  for  No.  72. 

Outside  the  load  points  (i.  e.,  in  the  outer  thirds  of  the  beam 
length)  diagonal  cracks  appeared,  frequently  forming  from  the 
top  of  the  vertical  crack  already  visible  and  extending  diagonally 
upward  and  downward  at  the  same  time.  In  No.  70  the  first 
diagonal  crack  was  visible  at  an  applied  load  of  468  000  lb. ,  and 
in  No.  72  the  cracks  took  a  distinctly  diagonal  direction  at  447  000 
lb.  The  diagonal  cracks  developed  with  the  addition  of  load,  but 
the  form  of  this  development  was  not  the  same  in  No.  70  as  in  No.  72. 
In  No.  70,  the  slab  without  stirrups  and  having  the  bars  bent  up 
abruptly  near  the  ends,  one  main  diagonal  crack  formed  outside 
each  load  point  making  an  angle  of  about  35°  with  the  horizontal. 
While  a  few  others  became  visible,  these  main  cracks  enlarged 
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Fig.  8.    Manner  of  Failure  of  No.  TO. 


and  the  final  failure  of  the  slab  was  along  one  of  them.  In  No.  72 
(whitewashed  surfaces)  marked  diagonal  cracks  appeared  at 
447  000  lb.  and  became  numerous  and  extended  at  480  000  lb.  Some 
of  these  finally  extended  to  within  12  inches  of  the  top  face  of  the 
slab,  but  they  remained  small  and  fine  and  were  well  distributed 
over  the  beam.  They  lacked  the  growth  and  concentration  which 
are  apparent  in  failures  by  diagonal  tension  when  reinforcing 
bars  are  carried  straight  to  the  end  of  the  beam  or  nearly  to  the 
end  and  when  stirrups  are  not  used.  The  final  failure  of  these 
beams  is  discussed  in  the  next  paragraph. 

12.  Manner  of  Failure. — The  manner  of  failure  was  quite 
different  in  the  two  beams,  No.  70  and  No.  72.  In  the  case  of  No. 
70,  although  it  is  evident  from  calculations  that  the  steel  of  the 
reinforcing  bars  had  nearly  reached  the  yield  point,  there  was  no 
evidence  of  this  in  the  appearance  and  action  of  the  beam  at  the 
time  of  failure.  At  a  load  of  593  000  lb.  the  main  diagonal  crack 
outside  of  one  load  point  was  seen  to  be  extending  rapidly  and  at 
734  000  lb.  it  was  opening  wide.  It  was  evident  for  some  time 
that  the  beam  was  on  the  verge  of  total  failure.  Finally  it  failed 
suddenly  by  diagonal  tension,  so  called  shear  failure,  at  an  applied 
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load  of  801000  lb.,  the  diagonal  crack  having  suddenly  extended 
to  the  top  of  the  slab  and  opened  wide.  At  the  same  time  the 
horizontal  crack  which  had  formed  along  the  reinforcing  bar  (by 
the  action  of  vertical  tension)  lengthened  and  the  bar  pulled  away 
from  the  concrete  above.  The  characteristics  of  this  test  were 
the  formation  of  main  diagonal  cracks  at  either  end  and  the  final 
sudden  failure  of  the  beam  by  diagonal  tension.  Fig.  8  shows 
the  form  of  failure  of  No.  70,  and  Fig.  9  gives  a  nearer  view  of 
the  main  diagonal  crack  from  the  other  side  of  the  beam  after 
the  load  was  released. 

In  No.  72  the  presence  of  the  stirrups  and  the  changed 
position  of  the  reinforcing  bars  at  the  ends  were  sufficient  to 
resist  the  diagonal  tension  developed.  Although  the  diagonal 
cracks  were  numerous  and  although  some  of  them  finally 
extended  to  within  12  inches  of  the  top  face  of  the  slab,  (see 
views  in  frontispiece)  they  remained  small  and  fine  and  were 
well  distributed.  They  lacked  the  growth  and  concentration 
which  are  apparent  in  failures  by  diagonal  tension.     The  tension 


Fig.    9. 


Main  Diagonal  Crack  at  North  End  of  No.  70  after 
Release  of  the  Load. 
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TABLE  4. 

Miscellaneous  Calculated  Stresses. 


Calculated 

Tension  in 

Steel 

lb.  per 

sq.  in. 


Calculated 

Shearing 

Stress 

lb.  per 

sq.  in. 


Remarks. 


No.  70. 


9 

13 
17 

21 

23 

333  000 
468  000 
593  000 

734  000 

801  000 

22  800 
51  700 

125 
156 

195 

209 

First  tension  crack  noted. 

First  diagonal  crack  noted. 

One  main  diagonal  crack  extend- 
ing rapidly. 

One  main  diagonal  crack  opening 
wide. 

Failure  by  diagonal  tension. 

No.  72. 

5 

159  000 

12  500 

First  tension  crack  noted. 

14 

447  000 

120 

Marked  diagonal  cracks  noted. 
Marked  increase  in  vertical  ex- 
tensometer  readings. 

15 

480  000 

128 

Diagonal  cracks   numerous    and 
extending. 

16 

514  000 

138 

Marked  increase  in  second  exten- 
someter  readings. 

21 

811  000 

52  400 

Tension  cracks  opening  wide. 

22 

840  000 

54  000 

220 

Failure  by  tension  in  steel. 

The  calculated  stress 
stress  due  to  weight  of  slab. 


a  steel  and  the  calculated  vertical  shearing:  stress  include  the 


cracks  in  the  middle  third  of  the  beam  extended  upward  as 
the  load  was  increased  and  at  811 000  lb.  nine  of  these  were 
visible  to  within  12  inches  of  the  top  of  the  slab.  At  this 
load  the  tension  cracks  were  opening  wide,  indicating  that  the 
yield  point  of  the  reinforcing  steel  had  been  passed.  Above 
800  000  lb.  the  deflection  increased  rapidly.  The  maximum  load 
applied  was  840  000  lb. ,  the  indicated  load  then  falling  off  when  the 
deflection  was  increased.  It  seems  evident  that  a  load  of  811  000 
lb.  would  not  have  held  long,  and  the  maximum  load  applied  held 
but  momentarily.  The  characteristic  of  the  test  of  No.  72  was 
slow  failure  by  tension  of  the  steel,  without  sign  of  compression 
failure  and  without  sign  of  impending  failure  by  diagonal  tension. 
The  effectiveness  of  the  stirrups  and  the  bending  of  the  bars  at 
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ends  are  evident  in  this  test.  This  is  the  more  important  as  the 
diagonal  tension  failure  may  give  little  warning  and  may  develop 
with  repetitions  at  lower  loads.  It  may  be  noted  that  on  the  next 
day  the  test  was  continued  until  there  was  a  deflection  in  No.  72 
of  3i  in.,  the  load  applied  ranging  somewhat  under  800  000  lb. 
Upon  release  of  load  there  was  a  recovery  of  1  in.  in  the  deflection. 
At  this  time  the  stretch  of  the  steel  and  the  consequent  concen- 
tration of  the  compressive  stress  were  so  much  that  there  was 
considerable  crushing  of  the  concrete.  Slab  No.  71,  which  was 
used  as  the  lower  beam  in  both  tests,  seems  not  to  have  suffered 
from  the  first  test,  the  cracks  closing  up  upon  release  of  load. 
In  the  second  test  the  tension  cracks  opened  up  at  the  maximum 
load  and  there  was  evidence  of  the  steel  being  stretched  beyond 
the  yield  point.  It  should  be  noted  that  on  account  of  its  inverted 
position  and  the  location  of  the  supports  the  bending  moment 
developed  in  the  lower  beam  was  somewhat  smaller  than  that  in  the 
upper  beam.  There  was  no  sign  of  impending  failure  by  diagonal 
tension. 

13.  Position  of  Neutral  Axis. — The  proportionate  depth  of  the 
neutral  axis  calculated  from  the  observed  deformations  on  the 
usual  assumptions  is  given  in  Table  3.  The  position  of  the 
neutral  axis  obtained  from  these  measurements  seems  abnor- 
mally high,  averaging  during  the  later  stages  of  the  test  about 
0.34  of  the  distance  from  the  top  of  the  slab  to  the  center  of  the 
reinforcing  bars.  The  proportionate  depth  of  the  neutral  axis 
for  the  amount  of  reinforcement  used,  based  upon  ordinary 
assumptions,  would  be  0.43  for  a  ratio  of  12  between  the  moduli  of 
elasticity  of  steel  and  of  concrete,  and  0.47  for  a  ratio  of  15  (see 
Bulletin  No.  4,  p.  16).  Even  for  a  ratio  of  10  the  proportionate 
depth  would  be  about  0.40.  An  examination  of  the  original  data 
between  the  loads  of  220  000  lb.  and  320  000  lb.  makes  it  appar- 
ent that  there  was  a  slip  of  the  instruments  on  the  compression 
side  of  the  beam  at  different  times  between  these  loads.  The 
conditions  under  which  the  extensometers  were  used  were  not 
favorable  for  accurate  results.  Judging  from  the  data  and  from 
experience  in  other  tests,  it  is  probable  that  between  loads  of 
400  000  and  750  000  lb.  the  position  of  the  neutral  axis  averaged 
about  0.40  of  the  depth.  Even  this  value  is  suggestive  of  dense, 
stiff  concrete.  It  should  be  noted  that  with  such  a  slip  of  the 
upper  extensometers  the  real  compressive  deformation  would  be 
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greater   than   that   given   in  the  diagram  and  also  that  the  real 
tensile  deformation  would  be  somewhat  less. 

14.  Tensile  Stresses  in  Reinforcement. — The  tension  in  the 
main  reinforcing  bars  at  the  middle  of  the  span  length  in  No.  70, 
calculated  by  the  usual  methods  (using  the  formula  0.87  Afd 
before  referred  to)  and  including  the  effect  of  the  weight  of  the 
beam,  was  51  700  lb.  per  sq.  in.  at  the  maximum  applied  load  of 
801  000  lb.  As  the  tension  cracks  in  the  concrete  closed  up  after 
the  failure  of  the  beam  and  the  release  of  the  load,  it  would  seem 
that  the  steel  had  not  been  stressed  beyond  its  yield  point.  In 
No.  72  the  calculated  tension  in  the  reinforcing  bars,  including 
the  effect  of  the  weight  of  the  slab,  was  54  000  lb.  per  sq.  in.  for 
the  maximum  applied  load  of  840  000  lb.  For  the  applied  load  of 
811  000  lb.,  where  the  yield  point  had  evidently  been  passed,  the 
calculated  tension  is  52  300  lb.  per  sq.  in.  It  seems  probable  that 
the  yield  point  was  reached  at  the  applied  load  of  780  000  lb. 
These  values  check  up  with  the  yield  point  of  the  material  with- 
in the  limits  of  variation  of  such  materials. 
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EXTENSOMETER    READINGS  -  INCHES 
Fig.  10.    Vertical  Deformation  Diagram  for  No.  72. 


15.  Vertical  Shearing  Stresses  and  Resistance  to  Diagonal 
Tension. — As  the  diagonal  tensile  stress  which  is  developed  in  the 
concrete  depends  upon  the  horizontal  tensile  stress  existing  in 
the   concrete   and   the  effect  of  stirrups,  its  amount  is  indefinite 
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and  the  value  of  the  vertical  shearing  stress  may  be  used  as  a 
means  of  comparison  for  the  resistance  to  diagonal  tension.  The 
vertical   shearing    stress   has   been   calculated    by   the   formula 


V_ 


where  V  is  the  total  vertical  shear  at  the  point  where  the 
crack  begins,  including  the  shear  due  to  weight  of  the  slab,  b  is 
the  width  of  the  slab,  and  d'  is  the  distance  from  the  center  of  the 
reinforcing  bars  to  the  center  of  gravity  of  the  compressive  area 
of  the  concrete,  called  here  0.87  of  the  depth  to  center  of  rein- 
forcing bars.  Calculated  values  for  the  various  loads  are  given 
in  Table  4. 

In  No.  70  the  value  of  the  vertical  shearing  stress  at  the 
breaking  load  is  209  lb.  per  sq.  in.  This  is  a  high  value  for  a 
beam  without  stirrups  and  having  bars  bent  up  abruptly  at  the 
end  and  shows  a  good  quality  of  concrete.  The  value  of  v  for 
the  applied  load  of  468  000  lb. ,  where  the  first  diagonal  crack  was 
noted,  is  125  lb.  per  sq.  in.;  and  for  the  applied  load  of  593  000 
lb.,  where  the  main  diagonal  crack  was  seen  to  lengthen  rapidly 
and  become  more  marked,  it  is  156  lb.  per  sq.  in. 
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Fig.  11.    Vertical  Deformation  Diagram  for  No.  71. 
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In  No.  72  the  value  of  the  vertical  shearing  stress  v  at  the 
maximum  load  applied  is  220  lb.  per  sq.  in.  As  there  was  no 
sign  of  impending  failure  and  as  the  diagonal  crack  closed  up 
after  the  failure  of  the  beam  it  is  seen  that  the  provision  against 
failure  by  diagonal  tension  was  very  satisfactory.  The  readings 
of  the  vertical  extensometers  (given  in  Table  2  and  platted  in 
Fig.  10)  are  of  interest.  The  position  of  these  extensometers  is 
shown  in  Fig.  5.  The  gauged  length  is  about  28  in.  By  refer- 
ence to  Fig.  10,  it  will  be  seen  that  for  the  lower  loads  the  instru- 
ments show  a  vertical  shortening  and  that  the  deformation  soon 
changes  to  elongation,  this  change  taking  place  at  loads  corre- 
sponding to  loads  which  gave  diagonal  cracks  in  the  test  of  No. 
70.  The  amount  of  this  elongation  rapidly  increases  with  the 
application  of  further  load.  The  marked  increase  in  the  reading 
of  the  extensometer  on  the  south  half  of  the  beam  begins  at  the 
load  of  414  000  lb.  and  is  accompanied  with  an  evident  development 
of  diagonal  cracks.  A  similar  development  was  noted  in  the  north 
half  of  the  beam  at  a  load  of  480  000  lb.  The  arrangement  of  the 
instruments  and  our  information  of  the  position  of  the  stirrups 
were  not  such  as  will  permit  the  readings  to  be  used  as  the  basis 
of  calculations,  but  they  serve  as  an  indication  of  what  is  going 
on  in  the  interior  of  the  beam.  It  is  of  interest  also  to  note  in 
the  diagram  of  extensometer  readings  taken  on  No.  71  in  its  sec- 
ond test  (shown  in  Fig.  11)  that  on  this  second  application  of  the 
load  the  line  of  vertical  deformation  beyond  a  load  of  250  000  lb. 
would,  if  extended,  pass  through  the  origin.  This  is  the  position 
it  would  have  if  the  stirrups  take  vertical  tension  proportional  to 
the  load  from  the  beginning. 

16.  Compressive  Stress  in  the  Concrete. — The  compression  in 
the  upper  fiber,  calculated  by  the  ordinary  methods,  runs  up  to  a 
high  figure,  as  is  usual  in  tests  of  beams  having  a  considerable 
amount  of  reinforcement  and  adequate  provision  for  web  stresses. 
Assuming  the  neutral  axis  to  be  0.43  of  the  depth  to  the  rein- 
forcing bars  and  using  the  ordinary  straight-line  formula,  the 
compressive  stress  in  No.  72  at  the  maximum  load  was  3190  lb. 
per  sq.  in.  Using  the  parabolic  formula  and  considering  that  the 
compressive  deformation  is  one-half  of  the  ultimate  compressive 
deformation  of  the  concrete,  the  calculated  stress  is  2870  lb.  per 
sq.  in.  Even  at  this  high  calculated  stress  there  was  no  sign  of 
compression  failure  and  none  was  apparent  until  after  the  steel 


TALBOT — LARGE  REINFORCED  CONCRETE  BEAMS  25 

had  stretched  beyond  its  yield  point.  Comparing  the  defor- 
mation developed  with  that  of  other  tests  it  seems  probable  that 
the  beam  would  have  taken  at  least  one-third  more  compressive 
stress  before  failure  in  compression  at  first  load  would  have 
resulted.  Of  course,  repeated  applications  of  any  such  high  load 
might  soon  have  injured  the  beam.  A  further  evidence  of  the 
strength  of  the  concrete  is  seen  in  the  later  test  referred  to, 
where  after  the  maximum  load  had  been  reached  and  the  steel 
was  stretched  well  beyond  its  yield  point  the  beam  held  a  load  of 
nearly  800  000  lb.  until  the  deflection  reached  3i  in  before  any 
considerable  amount  of  crushing  of  the  concrete  took  place. 

17.  Remarks. — The  tests  showed  that  the  concrete  was  of 
excellent  quality  and  that  the  slabs  acted  similarly  to  high-grade 
test  beams  made  and  tested  in  laboratories.  The  uniformity  and 
regularity  of  these  large  beams  were  shown  in  various  ways  in 
the  tests.  As  these  particular  slabs  may  be  presumed  to  be  fairly 
representative  of  the  slabs  fabricated  for  the  work,  the  tests  ought 
to  add  confidence  in  the  quality  and  soundness  of  the  reinforced 
concrete  used  in  this  work  and  in  other  work  of  large  magnitude 
made  under  as  careful  conditions.  The  action  of  the  concrete  in 
compression  under  the  high  stresses  developed  was  quite  satis- 
factory. The  tests  show  the  effectiveness  of  stirrups  and  of  the 
methods  used  in  bending  up  bars  at  the  ends  in  resisting  diagonal 
tension.  Diagonal  tension  weakness  is  particularly  undesirable 
because  of  the  possibility  of  sudden  failure  and  of  injury  after 
repeated  applications  of  the  load  and  because  of  the  difficulty  of 
detecting  incipient  failure  when  the  sides  of  the  beam  are  not 
available  for  inspection.  Ample  safety  against  these  conditions 
is  important  and  means  should  be  provided  to  resist  the  diagonal 
tension.  Failures  by  tension  of  the  steel  and  by  compression  of 
the  concrete  give  warning  through  abnormal  deflections  and  in 
other  ways  and  are  less  likely  to  lead  to  serious  results.  Also, 
it  seems  evident  from  these  tests  that  the  action  and  properties 
of  reinforced  concrete  beams  made  under  efficient  supervision  do 
not  differ  much  from  those  of  laboratory  test  beams. 
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